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ABSTRACT 
PURPOSE. To examine the levels of Bcl-2, Bax and P53 in the inner retinas of rats 
after retinal ischemia-reperfusion injury and of the retinal dystrophic RCS rats; and to 
explore their relationship with apoptosis in retinal ischemia-reperfusion injury. 
METHODS. Retinal ischemia was induced by transient elevated intraocular pressure 
at 110 mmHg for sixty minutes in albino male Lewis rats. Animals were killed at 0, 2, 
4，8, 12, 18，24, 48, 72, 96 hours and 7 days of reperfusion. Retinal ganglion cell counts 
(RGCCs) using flat preparations of the retinas and inner retinal thickness (IRT) from 
paraffin sections were measured. DNA nicks and fragmentation were detected by in situ 
terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labelling 
(TUNEL) and enzyme-linked immunosorbent assay (ELISA) of mono- and oligo-
nucleosomes in whole retinal homogenate. Immunohistochemistry was used to detect 
Bcl-2, Bax and P53. Bcl-2 and bax mRNA changes were detected by in situ reverse 
transcriptase - polymerase chain reaction (RT-PCR) using specific primers. Double 
labelling ofBcl-2, Bax protein and DNA nicks was performed. 
The inner retinas of the retinal dystrophic RCS rats at 14 to 60 days were 
examined by morphology and morphometry. Bcl-2 and Bax immunohistochemistry 
were performed. 
RESULTS. After retinal ischemia and reperfusion, densified and shrunken nuclei at 
the RGCL and the INL，and edema of the inner retina were the early changes. RGCC 
diminished gradually but showed significant loss at 24 hours. IRT was reduced and 
showed significant loss at 48 hours after reperfuison. DNA nicks and fragmentation 
were significant increased at 2 hours and 4 hours, the maximum was at 18 hours as 
shown by TUNEL and ELISA assay respectively. 
Bcl-2 and Bax immunoreactivities (IRs) and in situ RT-PCR products were 
detectable in the normal rat retinas. The Bcl-2 IR decreased in all layers till 18 hours 
with a slight recovery at 24 hours then diminished from 48 to 96 hours. However, 
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isolated cells in the inner nuclear layer (INL) showed increased Bcl-2 IR. The bcl-2 
mRNA level in the inner retinal layers decreased right after reperfusion and recovered 
to nearly normal level from 18 hours afterwards. Isolated cells showed high level of 
bcl-2 mRNA RT-PCR products in these layers. Double labelling of Bcl-2 and TUNEL 
showed colocalization in scattered cells in the inner retina. However, some Bcl-2 
positive cells were TUNEL negative. 
Bax IR gradually decreased starting immediately after reperfusion to 24 hours 
with a slight recovery noted at 48 hours, while its mRNA decreased between 0 and 8 
hours after reperfusion with a partially recovery between 12 and 96 hours. However 
isolated cells in the RGCL and INL showed increased Bax IRs and bax RT-PCR 
products. Double labelling of Bax and TUNEL showed that most TUNEL positive 
nuclei expressing Bax IR. However, some TUNEL nuclei were Bax negative. 
P53 IR showed a delayed suppression starting at 4 hours. 
In the RCS rats, scattered swollen cells in the RGCL and INL, and isolated 
densified nuclei in the INL were noted from 20 to 55 days. Morphometry showed 
significant cell losses from the RGCL and INL between 25 and 55 days. Bcl-2 IR was 
suppressed from 30 to 45 days in all layers. Bax IR in the RGCL showed no significant 
changes during 30 to 55 days, while in the INL it significantly increased at 25 days and 
the notable increase in IR sustained during 30 to 60 days. Isolated cells showed 
increased Bax IR in the INL. 
Conclusion. In retinal ischemia reperfusion, the generalized decrease in the protein and 
mRNA levels of Bcl-2 and Bax of the inner retinas before the detection of DNA nicks 
and fragmentation and inner retinal elements loss may be related to a general response 
to stress. However, the transient increase in protein and mRNA levels of Bcl-2 and Bax 
in isolated cells in the inner retinas may be related to apoptosis. Our data suggested that 
Bcl-2/Bax ratio may be more important than the presence of either one in determining 
the fate o f the cells. It is possible that apoptosis o f t h e inner retinal neurons in retinal 
ischemia may be P53 dependent. 
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There are significant cell losses in the RGCL and INL in the retinal dytrophic 
RCS rats when most photorecepters die. Morphologic features of the degenerative cells 
showed some similarity with apoptosis. The decrease of Bcl-2 with concomitant 
increase of Bax in the inner retina suggests that the ratio of Bcl-2/Bax may play an 




The bcl-2 (B cell lymphoma/leukemia-2) gene was first identified as a novel 
transcriptional element associated with the t(14;18) chromosomal translocation in 
follicular lymphoma in 1985 (Tsujimoto et al.，1985) with unknown functions. It is now 
known to belong to an expanding family of proteins that constitutes one of the most 
relevant classes of apoptosis-regulatory gene products with either pro-apoptotic or anti-
apoptotic activities (Kroemer, 1997; Kroemer et al., 1998). Recent evidence has 
suggested that Bcl-2, Bcl-Xt or Bax can insert into intracellular membranes such as 
those of the endoplasmic reticulum (ER), the nuclear envelope, and the mitochondria. 
They are found to be especially abundant at the site of the mitochondrial permeability 
transition (PT) pores (Krajewski et al., 1993; Zamzami et al., 1998). Via a direct effect 
on mitochondrial membranes, Bcl-2 can stabilize both the inner and outer mitochondrial 
membranes thus preventing all hallmarks of the early stage of apoptosis (Zamzami et 
al., 1998) such as disruption of the inner mitochondrial transmembrane potential and the 
release of apoptosis-inducing factors (AIF) and cytochrome c, while Bax acts oppositely 
(Susin et al., 1996; Zamzami et al., 1996; Kluck et al.，1997). Via effects on Ca 2+ 
repartition in the ER and the nucleus, Bcl-2 may regulate signal transduction (Marin et 
al., 1996). Bcl-2 may also act as an adaptor molecule to inhibit the action of caspases by 
forming a ternary complex with Apaf-l/Ced-4 (on mitochondria), p28Bap32 (on the 
ER) or procaspases (Zamzami et al., 1998). 
Bcl-2 family proteins play a pivotal role in apoptosis in neurons. Overexpression 
of Bcl-2 in immortal neural cell lines markedly inhibited cell death induced by L-
glutamate, free radicals, Ca^^-ionophores, hypoglycemia, or glutathione depletion 
(Lawrence et al.，1996). Following cerebral ischemia Bcl-2 and Bcl-Xt were expressed 
in neurons destined to survive (Chen et al” 1995’ 1997; Isenmann et al., 1997), while 
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Bax was expressed in neurons destined to die (Krajewski et al., 1995; Chen et al., 1996; 
Isenmann et al., 1997). Transgenic mice expressing human bcl-2 under the control of 
neuron-specific enolase pSfSE) or phosphoglycerate kinase (PGK) promoters showed 
more resistant to ischemic brain damage induced by middle cerebral artery occlusion 
(Martinouetal. ,1994). 
There is also evidence to suggest that Bcl-2 proteins may have an important role 
in retinal degeneration. In the retinas of transgenic mice, overexpression of Bcl-2 under 
various promoters prevented loss of retinal ganglion cells during development and 
partially delayed the apoptotic photoreceptor cell death in three inherited murine models 
of retinal degeneration (mutant rhodopsin transgenic mice, the rdl-rdl mice and 
Pde i^^ l /Vegtmi mice) (Martinou et al., 1994; Bonfanti et al., 1996; Cenni et al., 1996; 
Chen et al, 1996; Chen et al, 1996; Tsang et al, 1997). After optic nerve crush, Bcl-2 
and Bcl-XL immunoreactivities (IRs) decreased while Bax IR increased in the retinal 
ganglion cells (Levin et al., 1997; Isenmann et al., 1998). 
With the current interest in neuroprotection, there is renewed interests in 
experimental retinal ischemia models. Recently, apoptotic cell death in the inner retina 
after retinal ischemia-reperfusion injury was reported (Lam et al., 1997; Rosenbaum et 
al., 1997; Chiang et al., 1998; Katai et al., 1998; Kurokawa et al., 1998; Lam et al., in 
press). However, the involvement of the Bcl-2 family member proteins in retinal 
ischemia reperfusion insult has not been defined. 
In this study, we examined the possible roles of Bcl-2, Bax and P53 in the inner 
retinas after retinal ischemia induced by transient elevated intraocular pressure using 
immunohistochemistry, in situ RT-PCR, in situ TUNEL, ELISA of nucleosomes, 
morphology and morphometry. 
In well documented photoreceptor death in the retinal dystrophic RCS rats, it is 
not clear if there are losses of inner retinal elements. We first used morphologic and 
morphometric criteria to document the loss of inner retinal cells and examine the 
possible roles of apoptotic regulators Bcl-2 and Bax in the loss of neuronal elements 




2.1 RETINAL ISCHEMIA 
2.1.1 INDUCTION OF RETINAL ISCHEMIA 
Loss of retinal ganglion cells and other inner retinal elements is characteristic of 
retinal ischemic responses and is noted in various retinal diseases, such as glaucoma, 
diabetic retinopathy, retinal arterial or venous occlusion, hypertensive retinopathy, 
radiation retinopathy and others (Kohner E.M., 1989). With the current interest in 
neuroprotection, there is a renewed interest in experimental models of retinal ischemia. 
Retinal ischemia can be induced by a variety of methods such as central retinal artery 
occlusion (Kroll, 1968; Hayreh and Weingeist, 1980)，laser-induced closure of arterial 
or venous branches (Hayreh et al., 1978; Adamis et al., 1996; Shima et al., 1996; 
Pournaras et al.，1997)，microcirculation embolism (Shakib and Ashton, 1966), 
intravitreous injections o f V E G F (Tolentino et aL, 1996), photothrombosis (Mosinger 
and Olney, 1989; Louzada-Junior et al., 1992; Moroni et al., 1993; Lombardi et al., 
1994), ligation of the optic nerve and vessels (Stefansson et al., 1988; Szabo et al., 
1991; Roth et al., 1998), and transient elevation of intraocular pressure (Smith and 
Baird, 1952; Yoon and Marmor, 1989; Buchi et al.，1991; Lam et al., 1997; Chiang et 
al, 1998; Lagreze et al., 1998). 
Among all these animal models attention has been focused on the later three. 
Photothrombosis-induced ischemia in rat retina was first reported by Mosinger and 
Olney (1989). After an intravenous injection of rose bengal dye, the retina was exposed 
to intense light which could cause vascular photothrombosis resulting in acute 
degeneration of retinal neurons. Despite the simplicity, the localized responses and 
variability make it difficult to do quantitative study in this model. Another method, 
ligation of the optic nerve and vessels in rats to generate retinal ischemia was first 
reported by Stefansson et al. (Stefansson et al., 1988). The optic nerve and its associated 
vessels were exposed by blunt dissection after posterior conjunctival peritomy. Suture 
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was passed around the optic nerve and tightened until blood flow in the retinal vessels 
stopped. Reperfusion was achieved by releasing the suture. The procedure itself may 
cause more ocular supporting tissue injury and increase the chance of infection. In 
addition, ligation around the optic nerve not only stopped the blood supply but also 
interrupted the axoplasmic transport. The other method, transient elevation of the IOP to 
cause retinal ischemia was first reported by Smith and Baired (1952). The anterior 
chamber was cannulated by a needle which was connected through a silicone tube to a 
saline solution reservoir. Intraocular pressure was elevated by raising the saline 
reservoir. Retinal and choroidal blood flows cease at approximately the same level of 
IOP, 120 cmH2O (88 mmHg) in rats (Alm and Bill, 1987)，and retinal ischemia could be 
monitored externally by blanching of the fundus reflex. There was immediate return of 
circulation with reactive hyperemia after cessation of the elevated IOP by pulling out 
the cannulation needle. The operative procedure is relatively simple and the tissue 
responses are highly reproducible and easily quantitated. 
2.1.2 MECHANISMS OF RETINAL ISCHEMIA/REPERFUSION DAMAGE 
2.1.2.1 Free radicals 
Similar to cerebral ischemia injury (Macdonald and Stoodley，1998), free 
radicals and reactive oxygen intermediates, such as superoxide anion, hydrogen 
peroxide, and hydroxyl radical have been implicated in retinal ischemia/reperftision 
injury. Because of the transient nature of the oxygen radicals and the technical 
difficulties inherent in accurately measuring their levels in the retina, experimental 
strategies have been focused on the use of pharmacological agents and antioxidants to 
seek a correlation between exogenously supplied specific (i.e. superoxide dismutase and 
catalase) and non-specific (e.g. Vitamin E) radical scavengers and the subsequent 
protection of retinal tissues from ischemic injury. Free radical scavangers such as 
superoxide dismutase (SOD), catalase, an flavone-rich extract of Ginkgo biloba (Egb 
761), docosahexaenoic acid (DHA) and adult T cell leukemia-derived factor (ADF) and 
lipid peroxidation inhibitors such as vitamin E have been found to be beneficial in 
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ameliorating retinal ischemia/reperfusion injury (Szabo et al., 1991a, 1991b，1992a, 
1992b，1993, 1995; Droy-Lefaix et al., 1993; Nayak et al., 1993; Veriac et al., 1993; 
Bron et al., 1995; Block and Schwarz, 1997,1998; Murayama et al., 1998; Shibuki et al., 
1998). 
Indirect detection of lipid peroxidation by measuring vitamin E and hydroxyl 
radicals by measuring their stable hydroxylation adducts 2,3- and 2,5-
dihydroxybenzoic acids (DHBA), showed increased generation of free radicals after 
retinal ischemia and reperfusion injury (Ophir et al., 1993; Bron et al., 1995). Recently, 
direct detection using electron paramagnetic resonance (EPR) spectroscopy also showed 
increased free radical production (Szabo et al., 1997). Thus, it seems apparent that free 
radicals are involved in retinal ischemia/reperflision injury. 
2.1.2.2 Excitotoxicity 
Excitotoxicity, neuronal cell death after exposure to excitatory neurotransmitters 
such as glutamate and aspartate, was first described by Onley (1969). In cerebral 
ischemia (MacDonald and Stoodley, 1998; Loscher et al., 1998) and other 
neurodegenrative diseases such as mitochondrial encephalomyopathies, Huntington's 
disease, spinocerebellar degeneration syndromes, and motor neuron diseases (Bittigau 
and Ikonomidou, 1997), excitotoxicity has been shown to play an important role. 
Mosinger and Olney in 1989 first demonstrated that excitotoxicity had an 
important role in dye/photothrombotic-induced rat retinal ischemia by using light and 
electron microscopy (Mosinger and Olney, 1989). Microdialysis assay detecting 
extracellular glutamate in vivo showed a 2-3 fold increase during ischemia and a 6-7 
fold increase after reperfusion in the transient elevated IOP induced ischemia in rats 
(Louzada-Junior et al., 1992). Antagonists of excitotoxic glutamate such as 
thiokynurenic, 2,3-dihydroxy-6-nitro-7-sulfamoylbenzoquinoxaline O^BQX), MK-801, 
CNQX, dextromethorphan, memantine and flupirtine have been found to be effective in 
ameliorating the ischemia-reperfusion injury in various models of retinal ischemia 
(Yoon and Marmor, 1989; Mosinger et al.，1991; Gupta and Marmor, 1993; Moroni et 
al.，1993; Lombardi et al.，1994; Weber et al., 1995; Matini et al., 1997; Lam et al., 
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1997; Block and Schwarz, 1998; Lagreze et al., 1998; Osbome et al., 1998). Hence, it is 
highly likely that excitotoxicity is involved in retinal ischemia reperfusion injury 
probably involving both NMDA and non-NMDA receptors of the glutamate receptors. 
2.1.2.3 Apoptosis 
The word 'apoptosis' is derived from a Greek word that describes the process of 
leaves falling from a tree or petals from a flower. In 1972, apoptosis was first proposed 
by Kerr, Wyllie and Currie to describe cell death responsible for tissue modeling in 
vertebrate development (Kerr et al., 1972). It is a conserved process used by multi-
cellular organisms to eliminate unnecessary, aged or damaged cells. Morphologically it 
was characterized by distinctive features showing scattered involvement of individual 
cells, minimum or no inflammation around the dying cells, margination and 
condensation of nuclear chromatin at early stages, cytoplasmic shrinkage, membrane 
blebbing, nuclear fragmentation, formation of apoptotic bodies, and heterophagic 
elimination of the condensed cell remnants by neighboring cells (Wyllie, 1993). 
Biochemically, it was characterized by intemucleosomal cleavages resulting in multiers 
of 180-200 basepairs o fDNA fragments which exhibit a typical ladder pattem in DNA 
gel electrophoresis (Wyllie, 1993). It is believed that this DNA fragmentation was 
caused by the activation of a calcium-magnesium sensitive endonuclease preceding the 
morphological changes (Wyllie et al, 1984). 
The process of apoptosis can be conveniently subdivided into three phases 
(Kroemer et al., 1995; Thompson, 1995; Kroemer, 1997; Hirsch et al., 1997): initiation, 
effector and degradation. The initiation phase depends on the types of apoptosis-
inducing stimuli, and the later two phases, namely the effector (still can be regulated) 
and the degradation (beyond regulation) phases, are believed to be common to the 
apoptotic process. During the heterogeneous initiation phase, cells receive apoptosis-
triggering stimuli. Such death inducers include ligation of certain receptors (Fas/APO-
l/CD95, TNF-R, TGF-R, glusococoticoid receptors and etc.), suboptimal growth 
conditions (shortage of essential nutrients, hypoxia), mild physical damage 
(radiotherapy), and numerous toxin (reactive oxygen species, chemotherapy) (Kroemer 
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et aL,; 1995 Thompson, 1995). The effector phase defines the 'point of no retum' of the 
apoptotic cascade. At this level different stimulators initiating pathways converge into 
few common pathways and cellular processes (redox potentials, expression levels of 
oncogene products including Bcl-2 related proteins). In this phase, cellular processes 
still have a decisive regulatory function. When the cell irreversibly commits to die, the 
degradative phase appears with different manifestations (nuclear DNA fragmentation, 
production and action of reactive oxygen intermediators, elevation of Ca�+) classically 
associated with apoptosis. It is characterized by the action of catabolic enzymes, mostly 
specific proteases (caspases, calpains) and endonucleases (Kroemer et al., 1995; 
Kroemer, 1997; Zamzami et al., 1998). 
Enhanced apoptotic cell death participates in acute diseases such as viral 
infection and ischemia-reperfusion injury, as well as in chronic diseases like 
Alzheimer's disease, Parkinson's disease, amyotrophic lateral sclerosis (ALS), and 
retinitis pigmentosa (Thompson, 1995). Apoptosis is also believed to be the common 
pathway of retinal degeneration. It has been shown to be involved in retinal 
degeneration of the retinal dystrophic Royal College of Surgeon (RCS) rat (Tso et al, 
1994), rd (Chang et al, 1993; Lolley, 1994; Papermaster and Windle, 1995; Rich et al., 
1997; Papermaster et al., 1998)，rds (Chang et al, 1993) and rdl (Hopp et al. 1998) 
mice, rats after light injury (Alber et al, 1996; Hafezi et al. 1997a, 1997b; Marti, et al., 
1998), rats after optic nerve crush (Levin et al., 1997), and rats in iron or lead toxicity 
(Wang et al., 1998; Fox et al., 1997)，glaucoma (Quigley et al, 1995; Okisaka et al., 
1997)，retinoblastoma (Buchi，et al, 1994)，retinitis pigmentosa (Li et al, 1995), retinal 
detachment (Cook et al.，1995; Xu et al., 1996; Berglin et al., 1997) as well as retinal 
ischemia (Buchi, 1992; Li et al, 1995; Lam et al., 1997; Rosenbaum et al.，1997; Lam 
et al, in press). 
In 1992, Buchi noted ultrastmctural features consistent with those of apoptosis 
in degenerating cells of the inner retina in a retinal ischemia rat model. In his study as 
early as 3 hours after reperfusion, there were cells showing nuclear membrane 
convolution, chromatin condensation, coarse granule accumulation in the remaining 
nucleoplasm and cytoplasmic condensation in the RGCL and INL. The dying cells were 
11 
then transformed into round, compact, almost totally electron-dense elements 
containing identifiable nuclear and cytoplasmic compartments. In the neighboring cells, 
small and dense inclusion bodies consistent with phagocytosed parts of the dying cell 
were noted (Buchi, 1992). Apoptotic cells in the inner retinal layer after 24 hours of 
reperfusion in optic nerve ligation induced retinal ischemia was also reported 
(Kuroiwa,1998). 
Li and his colleagues (1995) first reported that inner retinal elements might die 
by apoptosis in retinal ischemia>'reperfusion injury using morphological, biochemical 
criteria as well as the in situ DNA nick assay, terminal deoxynucleotidyl transferase 
(TdT) mediated biotin-dUTP end labelling (TUNEL). Recently the involvement of 
endonuclease，c-jun, caspases and ploy(ADP-ribose) polymerase (PARP) in retinal 
ischemiaA*eperfUsion injury have also been reported (Lam et al, 1997; Rosenbaum et al., 
1997; Chiang et al.，1998; Katai et al., 1998; Kurokawa et al., 1998; Lam et al, in 
press). 
(1) Endonuclease 
DNA fragmentation in apoptosis was proposed to be catalysed by DNase I-like 
activities and occured sequentially in three stages. In the presence of endogenous 
nuclear Mg 2+ and Ca】+，an enodnuclease was activated and bound to a class of AT-rich 
nuclear scaffold attachment regions (SARs) of nuclear scaffold which attached large 
chromosome domains to the nulcear matrix/scaffold. Subsequently under high level of 
Ca2+, chromatin was cleaved to fragments of -50-300 kilo-base pairs. Finally, 
intemuclearsomal DNA fragments were generated by cleavage at linker regions within 
DNA loops (Walker et al., 1995). 
An endonuclease inhibitor, aurintricaboxylic acid (ATA), has been shown to 
ameliorate apoptotic cell death both in vitro endothelial cells and neurons (Kure et al., 
1991; Samples and Dubinsky, 1993; Gao et al., 1995; Escargueil-Blanc et al., 1997) and 
in vivo glutamate induced excitotoxicity or cerebral ischemia (Kure et al., 1991; 
Rosenbaum et al., 1998). 
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Lam et al (1995) reported the protective effects of intraperitonal application of 
ATA by reducing the inner retinal elements loss in a rat retinal ischemia model. Given 
intravitreally, it also ameliorated retinal tissue reaction after ischemia (Rosenbaum et 
al., 1997). These findings support the idea that endonuclease may play an important role 
in apoptotic death of inner retinal elements after an ischemia insult. However, the exact 
endonulcease responsible for this reactivity has not been identified. 
(2) Caspases 
Caspases, formerly called interleukin-ip converting enzyme (ICE) like 
proteases, are believed to play a vital role in apoptosis in mammalian cells (Harvey et 
al, 1997; Mariani et al, 1997; Kidd, 1998). The term caspase is based on a common 
nomenclature system: "c" reflects a cystein protease mechanism, and "aspase" refers to 
the ability of these proteases to cleave a protein following an aspartic acid residue 
(Marfolin et al.，1997). It is a collection of at least ten members (Alnemri et al., 1996). 
An important role of caspases in apoptotic death of neurons in ischemia has 
been supported by different experimental approaches. In the central nervous system 
(CNS), caspases inhibitors like N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone 
(z-VAD.FMK) decreased brain infact size, neurologic defects, and DNA nicks after 
cerebral ischemia (Hara et al., 1997; Endres et al., 1998). In situ hybridization and 
immunohistochemistry showed that caspase-3 mRNA was up-regulated in CA1 
pyramidal neurons flSfi et al, 1998), and its activation preceded the death of 
hippocampal neurons (Gillardon et al, 1997). Brain edema and other histologically 
defined brain lesions caused by ischemia were significantly reduced in ICE knockout 
mice as compared to wild type C57BL/6 mice (Schielke et al, 1998). Even neurons 
isolated from newborn ICE knock out mice were resistant to trophic-factor withdrawal 
induced apoptosis (Friedlander et al, 1997). Furthermore, a specially designed mutant 
ICE gene (C285G), which acts as a dominant negative ICE inhibitor, reduced DNA 
fragmentation, extent of ischemia-induced brain injury, and preserved neurological 
ftinction (Friedlander et al, 1997). 
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In the retina, Lam et al detected transient elevation of caspases II and III 
immunoreactivities in the inner retina after the ischemia/reperfusion insult and reported 
that the caspases inhibitor, YVAD.CMK, inhibited intemucleosomal retinal DNA 
fragmentation after ischemia resulting in tissue preservation (Lam et al, in press). Katai 
et al also reported that caspases I and II were coexpressed with c-jun and cyclin D1 in 
the inner nuclear layer (Katai et al.，1998) after the ischemia/reperfusion insult. Thus 
caspases activation seemed to have a pivotal role in retinal ischemia-reperfusion 
induced apoptosis. However, the exact caspase(s) involved remains to be identified. 
(3) Poly adenosine diphosphate (ADP)-ribose polymerase (PARP) 
Poly-adenosine diphosphate (ADP)-ribose polymerase (PARP), an abundant 
nuclear protein activated by DNA nicks, is believed to be involved in DNA repair and 
maintainence of genome integrity. PARP may negatively regulate the activity of Ca^^ 
/Mg 2+-dependent endonuclease 0^lelipovich et al, 1988). It was also identified as a 
substrate o f a n ICE-resembling protease in cell-free systems (Lazebnik et al, 1994). 
In the CNS, damages to the brain after ischemia/reperfusion injury were 
decreased in PARP -/- and PARP +/- mice when compared with PARP +/+ littermates. 
3-Aminobenzamide (3-ABA), a PARP inhibitor, attenuated brain ischemia damage in 
wild-type mice and reduced the PARP immunoreactivity in ischemic cell nuclei (Endres 
etal.，1997). 
In the retina, Lam (1997) reported the protective effect of 3-ABA on rat retinal 
neurons after ischemia and its inhibitory effect on intemucleosome DNA fragmentation 
(Lam, 1997). In the same system, 3-ABA was effective in protecting the inner retinal 
elements loss even when it was administrated 12 hours after reperfusion (Chiang et al, 
1998). However, the exact role o f P A R P in the apoptotic death ofret inal neurons after 
ischemia/reperfusion injury has not been identified.. 
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2.2 RETINAL DYSTROPHIC ROYAL COLLEGE OF SURGEONS 
(RCS) RAT 
The inherited retinal dystrophic Royal College of Surgeons (RCS) rat was first 
described by Boume, Campbel and Tansley in 1938 (Boume et al., 1938). It has long 
been used as an animal model for the study of photoreceptor cell death (Bok et al, 1971; 
mullen et al., 1976; Tso et al., 1994; Zhang et al., 1996). A mutant gene expressed in the 
retinal pigment epithelium (RPE) (Mullen et al., 1976) maked it unable to phagocytose 
shed packets of outer-segment discs. This RPE inability caused a layer ofouter-segment 
debris accumulated between the neural retina and the RPE cells in the early postnatal 
period (Herron et al, 1969)，and the photoreceptor degeneration followed. The etiology 
may compare with age related macular degeneration (ARMD) (Young, 1987; Curio et 
al., 1996), while the histopathology changes showed similarities to those seen in 
retinitis pigmantosa (RP) (Milan and Li, 1995). Renewed interest in this animal model 
was excited by the rescue of photorecptor cell by intravitral injection ofbasic fibroblast 
growth factor (Faktorovich et al., 1990) or by transplantation o f R P E from normal rat or 
human fetus (Li et al.，1988; Seaton et al., 1994; Little et al., 1996). Most early studies 
focused on the photoreceptor cells and RPE. It has been revealed that photoreceptor 
cells in the rd-RCS rats may die through aopotosis and tissue transglutaminase, lipid 
peroxidation may be involved (Tso et al., 1994; el-Hifnawi et al., 1995; Zhang et al., 
1996). Few studies have been done on the inner retina of this degenerative disease. 
However it is important to examine the inner retina status as the photoreceptor 
undergoing degeneration because sustained abnormality could counter the efficacy of 
the transplant. Earlier studies showed that there were other changes secondary to 
photoreceptor loss relating to vasculature and disrupture of the inner retina (Caldwell, 
1987; El et al., 1987; van Driel et al., 1988; Lund et al., 1997; DiLoreto et al., 1998). In 
three months old rd-RCS rat retina horizontal cells were more disorganized than the 
congenic controls (Chu et al., 1993). Whether there is any abnormality in the inner 
retina in the early stage is not clear. Recently Li et al. has reported various 
ultrastructural changes in the inner retina (Li et al., 1998). Further study on the changes 
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of the inner retinal layer cells will make the treatment of this kind of retinal 
degenerative disease with efficiency and effectiveness. 
2.3 BCL-2 FAMILY MEMBERS 
2.3.1 FAMILY MEMBERS AND INTERACTION 
The family of Bcl-2-related proteins is believed to be one of the most relevant 
classes of apoptosis-regulating gene products acting at the effector stage of apoptosis 
(Kroemer, 1997; Kroemer et al., 1998; Zamzami et al.，1998). As the founding member 
of this expanding family, the bcl-2 (B-cell lymphomay'leukemia-2) gene was identified 
at the chromosomal breakpoint of t(14;18) bearing B cell lymphomas. Bcl-2 gene 
frequently involved in -90% of low-grade follicular non-Hodgkin's lymphomas as well 
as � 3 0 % o f the more aggressive B-cell lymphomas (Tsujimoto et al., 1985;Vaux et al., 
1988). Probably as the result of errors in the normal DNA recombination mechanisms 
that cut and splice together the V，D and J gene segements to create the functional Ig 
genes during B-cell differentiation in the bone marrow (Weiss et al, 1987)， 
chromosomal translocations move the bcl-2 gene from its normal location on 
chromosome 18q into itsjuxtaposition at chromosome 14q (Tsujimoto et al.，1988). The 
resulting t(14;18) translocations place the bcl-2 gene under the powerful transcriptional 
enhancer associated with the immunoglobulin heavy chain (IgH) locus. The fusion gene 
is markedly deregulated and expresses extensive levels ofbc l -2 mRNA and its protein. 
The protein encoded by the bcl-2 gene is unique and has no significant amino-acid 
homology with other proteins ofknown biological activities (McDonnell, 1996; Reed et 
al., 1996; Reed, 1997). 
The bcl-2 gene family comprises both anti-apoptotic and pro-apoptotic 
members. The former includes human genes Bcl-2, Bcl-xL, Bcl-W, Bfl-1, Brag-1, Mcl-
1 and A l , while the latter includes members such as Bax, Bak, Bcl-Xs, Bad, Bid, Bik, 
Bok and Hrk (Boise et al., 1993; Lin et al., 1993; Oltvai et al., 1993; Cory, 1995; 
Farrow et al.，1995; Kiefer et al.，1995; Yang et al., 1995; Yang and Kroemer, 1996; 
Kreomer，1997). In addition to these human genes, several homologs of Bcl-2 have 
been discovered in viruses, including the ElB19K protein for adenovirus (Chen et al, 
1996), BHRF protein for Epstein-Barr virus (Takayama et al., 1994), and Ksbcl-2 
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protein for Kaposi sarcoma-associated herpes vims 8 (Cheng et al., 1997; Sarid et aL, 
1997). 
Different members in the Bcl-2 family possess variable amounts of Bcl-2 
homology (BH) regions (BH1 to BH4) (Fig 28) that determine their capacity of 
interaction with each other or with other proteins (Kreomer, 1997). Most anti-apoptotic 
(Bcl-2, Bcl-xL, Bcl-W, Bfl-1, Mcl-l and A l ) and several pro-apoptotic (Bax, Bak, Bok, 
Bad) members of the Bcl-2 family process three domains including: BH1, BH2, and 
BH3, which are involved in the formation of homodimers and heterodimers among 
members of the Bcl-2 family (Kreomer, 1997; Zamzami et al., 1998). The BH3 domain 
acts as 'ligand' during dimerization of Bcl-2 family proteins, while the combination of 
the BH1, BH2 and BH3 domains forms the hydophobic groove into which the BH3 
domain inserts (Kreomer, 1997; Reed, 1997). Intact BH1, BH2 and BH3 domains of 
Bcl-2 and Bcl-xL are required for them to heterodimerize with the BH3 domain of Bak 
or Bax and to repress cell death (Diaz et al.，1997; Sattler et al.，1997). A fourth BH 
domain (BH4), the one closest to the N-terminal, is conserved among all anti-apoptotic 
yet ill conserved in all pro-appototic members of the Bcl-2 family except Bcl-Xs 
(Kroemer, 1997). BH4 is necessary for the interaction of Bcl-2 or Bcl-xL with proteins 
not belonging to the Bcl-2 family such as Raf-1 (Wang et al., 1996), and calcineurin 
(Shibasaki et al, 1997). 
These Bcl-2 protein family members differ in cell type-, differentiation- and 
activation stage-specific patterns. Competitive dimerization between selective pairs of 
pro- and anti- apoptotic members (e.g. Bcl-2/Bax, Bcl-Xt/Bak, Mcl-l/Bok etc.) at least 
in part influence the fate of the cell (Sedlak et al., 1995; Zamzami et al., 1998). 
Transfection ofyeast cells (Saccharomyces cerevisiae or Schizosaccharomyces pomes), 
which lack Bcl-2 like proteins, has shown that Bax and Bak have a lethal activity which 
can be neutralized by simultaneous expression of Bcl-2 or Bcl-Xi (Ink et al., 1997; 
Jurgensmeier et al.，1997; Manon et al., 1997). Hence, it appears that members o f t h e 
Bcl-2 family interact with each other to form a dynamic equilibrium between homo-
and heterodimers to affect the fate ofcells. The role o fBcl -2 family member in retinal 
neurons need to be identified. 
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2.3.2 SUBCELLULAR LOCALIZATION 
Most proteins of the Bcl-2 family (except Bad, Bid, ElB19K) possess a 
carboxy-terminal with approximatly 20-residue hydrophobic transmembrane (TM) 
region to serve as a membrane anchor (Hockenbery et al., 1990; Kroemer, 1997), which 
determines their insertion into different membranes, such as those of the mitochondria, 
the ER and the nuclear envelope. Bcl-2, Bcl-xL, Bax and BHRF are mainly localized in 
the outer mitochondrial membrane (Yang and Korsmeyer, 1996; Zamzami et al., 1998). 
Hockenbery and his coworkers (1990) first demonstrated that Bcl-2 is an integral 
protein of the inner mitochondrial membrane with a relative molecular mass of 25,000 
(25kDa) by using immunofluorescence microscopy and differential detergent 
extractions of the inner and outer mitochondria membranes. However, later study using 
immunoelectron microscopy and confocal laser scanning suggested that Bcl-2 protein is 
mainly associated with the outer membranes of mitochondria, nuclear envelope and 
endoplasmic reticulum (Monaghan et al., 1992; Jacobson et al., 1993; Krajewski et al., 
1993). In vitro import assay ofBcl-2 to mitochondria also showed that the Bcl-2 protein 
inserts into the outer mitochondrial membrane. In lymphoid cells, Bcl-2 expression 
correlates stoichiometrically with that of the peripheral benzodiazepine receptor (PBR), 
one of the putative constituents of the mitochondrial permeability transition pore, 
suggesting that Bcl-2 might interact with PBR (Carayon et al., 1996) or with PBR-
associated proteins, perhaps carnitine palmitoyltransferase I，with which bcl-2 interacts 
directly (Paumen et al., 1997). Thus in the mitochondrion, Bcl-2 may be distributed in 
contact sites between the outer and the inner mitochondria membrane (Krajewski et al., 
1993; Zamzami et al.，1998). Similarly, Bcl-2 protein distribution in the nuclear 
envelope exhibits patches highly reminiscent of nuclear pore complexes (>IPCs) 
(Krajewski et al., 1993). 
Recent evidences have suggested that certain members (Bax, Bcl-X^ and Bad) 
o f t h e Bcl-2 family changed their subcellular localization during apoptosis (Zha et al., 
1996b; Datta et al., 1997; del Peso et al., 1997; Hsu et al., 1997; Wolter et al., 1997;). 
Bax and Bcl- & have been found to redistribute from the cytosol to intracellar 
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membranes upon induction of apoptosis by dexamethasone or gamma-irradiation in 
thymocytes (Hsu et al., 1997). Bax moved from the cytosol to mitochondria upon the 
induction of apoptosis of Cos-7 kidney epithelial cells and L929 fibroblasts. Its 
movement was prevented by deletion of the TM domain (Wolter et al., 1997). Upon 
serine phosphorylation by the serine/threonine kinase Akt, Bad also redistributed from 
the mitochondrion to the cytosolic phosphoserine-binding protein and thus lost the 
lethal inducing function (Zha et al., 1996b; Datta et al., 1997; del Peso et al., 1997). 
Thus, it seems that the localization of the Bcl-2 related proteins may play a 
crucial role in its function in apoptosis. 
2.3.3 PHYSICAL STRUCTURE AND PORE FORMATION 
The three-dimensional structure of Bcl-xL monomer in the absence of its c-
terminal TM domain (Bcl-xLATM) consists of two central hydrophobic alpha-helices 
surrounded by five amphipathic helices as well as a 60-residue flexible loop (Muchmore 
et al., 1996). The amino acid sequence of the flexible loop between the first (BH1) and 
second a-helics (BH3), is highly variable between Bcl-2 and Bcl-xL but it is required 
for Bcl-2 phosphorylation and may represent a negative-regulatory domain (Haldar et 
al., 1995, 1996, 1998; Reed, 1997). Deletion of the loop restored the anti-apoptotic 
activity of Bcl-2 (Uhlmann et al., 1996). An elongated hydrophobic cleft is formed by 
the spatical proximity of the three functionally important Bcl-2 homology domains 
(BH1, BH2 and BH3). This cleft could act as the ‘receptor’ during homo- and hetero-
dimerazation of Bcl-2 family proteins, while the BH3 domain (second a-helix) may act 
as 'ligand' that insert into it (Reed, 1997). The BH4 domain (first a-helix) is necessary 
for Raf-1 and calcineurin binding. The fifth and sixth a-helics are sufficiently long to 
span the membrane bilayer and thus may participate in channel formation (Reed, 1997; 
Zamzami et al.，1998). Bcl-2-like proteins may first insert their TM domains and the a 5 
and a 6 helics into membranes. When these proteins form dimers or higher-order 
structures, a 5 and a 6 helics can form effective pores (Zamzami et al., 1998). 
Recombinant Bcl-XL, Bcl-2 and Bax are able to incoporated into artificial 
membranes and form channels in vitro (Antonsson et al.，1997; Minn et al., 1997; 
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Schendel et al., 1997; Schlesinger et al., 1997). Recombinant Bcl-Xi lacking the TM 
domain can insert into either the synthetic lipid vesicles or planar lipid bilayers and 
form an ion-conducting channel. This channel is pH-sensitive (opens at low pH), 
becomes cation-selective (K+=Na+>Ca2+>Cr) at physiological pH and displays multiple 
conductance states that have identical ion selectivity (Minn et al., 1997). Recombinant 
Bcl-2ATM protein also exhibits pore-forming activity in acidic lipid membranes with 
low pH and forms discrete ion-conducting, cation-selective channels in planar lipid 
bilayers (Schendel et al.，1997). In contrast, Bax channel shows a wider pH range (both 
neutral and acidic pH) of activity, mild C1' selectivity with mild inward rectification. Its 
action could be blocked by Bcl-2 under physiological conditions (Antonsson et al., 
1997; Schlesinger et al., 1997). Thus Bcl-XL, Bcl-2 and Bax each forms channels in 
artificial membranes that have distinct ion selectivity, conductance, voltage dependence, 
and rectification characteristics. These differences in pore activities may be the cause of 
different effects on apoptosis (Antonsson et al., 1997; Minn et al., 1997; Schendel et al., 
1997; Schlesinger et al., 1997; Zamzami et al., 1998). Regulation of these channels may 
be important for the fate of the cells. 
2.3.4 BIOLOGICAL EFFECTS OF BCL-2 
Transgene studies confirmed the opposing functions of the pro-apoptotic and 
anti-apoptotic members. Apoptosis could be retarded by overexpression of anti-
apoptotic members of bcl-2 family members but enhanced by overexpression of pro-
apoptotic members. Overexpression of Bcl-2 and Bcl-Xt under different promoters 
conferred apoptosis resistance in different tissues including lymphocytes (Sentmann et 
al.，1991; Strasser et al., 1991; Chao et al.，1995; Grillot et al., 1995; Woodland et al., 
1996; Akashi et al.,1997; Alvarado et al., 1997), spermatogonia (Furuchi et al., 1996), 
ovary follicles (Hsu et al., 1996), mammary gland (Jager et al., 1997), prostate 
epithelium ( Zhang et al., 1997), hepatocytes (Lacronique et al., 1996), keratinocytes 
(Pena et al., 1997)，neurons (Martinous et al., 1994; Farlie et al.,1995; Bonfanti et al., 
1996; Bume et al., 1996; Cenni et al., 1996; Zanjani et al., 1996)，retinal photoreceptors 
(Chen et al., 1996; Tsang et al.,1997) or lens cells (Fromm and Overbeek, 1997). In vivo 
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delivery of herpes simplex vims vector that carried the bcl-2 gene protected neurons 
against adriamycin (a potent oxygen readical generator) toxicity in the dorsal hom of 
the dentate gyrus and focal ischemia in the striatum. It also enhanced survival in 
cultured neurons after exposure to glutamate or hypoglycemia (Lawrence et al., 1996). 
In contrast, overexpression o f B a x accelerated thymocyte apoptosis (Brady et al., 1996) 
and Bcl-Xs transgene reduced the resistance of keratinycytes to UV irradiation (Pena et 
al., 1997). 
In the retina, transgenic mice that overexpress Bcl-2 under various promoter 
showed an important role in preventing cell death in the retinal ganglion cell layer in 
naturally occurring loss of retinal ganglion cells during development as well as in 
axotomy-induced cell death (Martinou et al., 1994; Bonfanti et al., 1996; Cenni et al., 
1996). Overexpression of Bcl-2 protein also partially reduced the apoptotic 
photoreceptor cell death in three inherited murine models of retinal degeneration 
(mutant rhodopsin transgenic mice, the rdl-rdl mice and Pdeg^” Pdeg^^^ mice) (Chen 
et al, 1996; Chen et al, 1996; Tsang et al, 1997). Thus Bcl-2 family proteins may have 
an important role in retinal degenerative diseases. 
Knock-out studies showed similar oppositing actions of the two classes of Bcl-2 
family members. Knock-out of Bcl-2 caused lymphopenia, multicystic kidney, renal 
hypoplasia, degeneration of certain neurons, loss of melanocytes and exfoliation of 
small intestine epithelial cells (Veis et a l , 1993; Michaellidis et al., 1996; Yamamura et 
al., 1996; Tanabe et al., 1997; Sorenson et al., 1998; Zamzami et al., 1998). Deficiency 
of Bcl-X caused intrauterine death, postmitotic immature neuron death and shorter 
immature lymphocytes life-span (Motoyama et al., 1995). In contrast, Bax deficiency 
caused hyperplasia of lymphocytes, premeiotic germ cells, and certain neurons 
(Knudson et al.，1995; Miller et al., 1997; White et al., 1998). Bax deficiency also 
prevented thymocyte hypoplasia and immature neuron death in Bcl-X -/- mice 
(Knudson and Korsmeyer, 1997). 
On the cellular level, Bcl-2 overexpression prevented the redistribution of 
phosphatidylserine (PS) from the inner plasma membrane (PM) to the outer PM leaflet 
during apoptosis (Martin et al., 1995) preventing the phagocytosis of apoptotic cells by 
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neighboring cells (Flora et al., 1996). It decreased lipid peroxidation, generation of 
intracellular reactive oxygen species and production of baseline hydroxyl radical 
(Hockenbery et al., 1993; Kane et al., 1993; Wiedaupazos et al” 1996)，but increased 
superoxide dismutase and catalase in bcl-2-expressing pheochromocytoma 12 (PC12) 
cell line, NAD+/NADH ratio, total glutathione (GSH) and in reduced GSH/oxidized 
GSH ratio (Ellerby et al., 1996; Macho et al., 1997). It inhibited apoptosis-associated 
GSH depletion. It also affected subcellular calcium by preventing of H2O2-induced 
calcium influx (Zomig et al., 1995), inhibition of hydrogen peroxide- or thapsigargin-
or IL-3 withdrawl induced Ca:+ release from the ER (Baffy et al., 1993; Lam et al., 
1994; He et al., 1997); by preservation of the ER Ca�+ pool; and inhibition of Ca?+ 
uptake into the nucleus in adriamycin induced apoptosis (Marin et al., 1996). 
Disruption of mitochondrial functions, including dissipation of the inner 
mitochondrial transmembrane proton gradient (Av|/m) andy'or the release of 
intermembrane proteins such as cytochrome c, marks the ‘point of no retum' and 
determines the fate o f the cell (Kroemer, 1997; Zamzami et al., 1998). Ai|/m collapse can 
be due to the opening of the mitochondrial permeability transition (PT) pores (Hirsch et 
al., 1997) which participate in the regulation of matrix Ca�+，pH, Av|V and volume and 
function as a Ca】+-，pH-, voltage-’ and redox-gated channel with several levels of 
conductance (Zoratti and Szabo, 1995; Ichas et al., 1997; Zamzami et al., 1998). The PT 
pore is a multiprotein complex formed at the contact sites between the mitochondrial 
inner and outer membranes, exactly the same localization where Bcl-2, Bcl-Xt and Bax 
are abundant (Hirsch et al., 1997; Kroemer, 1997; Zamzami et al., 1998). Many of the 
molecular genetic, ultrastructural, crystallographic and functional studies revealed that 
Bcl-2 prevented the mitochodrial changes preceding the activation of apoptogenic 
proteases and nucleases (Zamzami et al., 1998). Overexpression of Bcl-2 prevented the 
Ai|/m disruption preceding apoptosis induced by glucocorticoids, DNA damage, oxidants 
or ceramide (Zamzami et al., 1995); enhanced the steady states of Av|/m in mouse L929 
fibrosarcoid cells (Hennet et al., 1993); increased ATP/ADP ratio in leukemia cells 
(Smet et al., 1994); prevented generation of ROS in mitochondria (Zamzami et al., 
1995; Decaudin et al., 1997). In addition to its Av|/m stabilizing effect, overexpression of 
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Bcl-2 retended the outflow of cytochrome c and apoptosis-inducing factor (AIF) from 
the intermembrane space (Susin et al., 1996; Zamzami et al., 1996; Kluck et al” 1997). 
Thus, Bcl-2 stabilized both the inner and the outer mitochodria membranes. In contrast, 
Bax overexprssion destabalized mitochodrial membrane function by inducing both Av|/m 
dissipation and cytochrome c release in isolated mitochondria, yeast cells and 
mammalian cells (Manon et al., 1997; Rosse et al., 1998). 
In summary, Bcl-2 and Bax have a pivotal role in affecting mitochodrial 
function, generation of free radical species, matrix Ca^^ level and even excitotoxicity 
(Fig 29). Free radicals, Ca^^ level, excitotoxicity, caspases and PARPs have been shown 
to be involved in retinal ischemia reperfusion damage, thus study of Bcl-2 family 
proteins in the retinal ischemia reperfusion injury is provital in revealing molecular 





The underlying hypothesis of our study is that Bcl-2 and Bax are regulators of 
apoptosis in the loss of inner retinal elements. In this study, we examined the loss of 
inner retinal elements in two different animal models: retinal ischemia-reperfusion 
injury in rats and the retinal dystrophic Royal College of Surgeon (RCS) rats. 
The goals of th is study were to study the temporal sequences of early changes in 
the inner retinas of rats after retinal ischemia-reperfusion injury and of the retinal 
dystrophic RCS rats. In retinal ischemia-repefusion injury experiments were performed 
to: 
(1) examine and quantify the inner retinal elements loss by morphology and 
morphometry; 
(2) test the apoptotic cell death by ELISA and in situ TUNEL; 
(3) detect bcl-2 and bax expression both in protein and mRNA levels by 
immunohistochemistry and in situ RT-PCR respectively; 
(4) explore the relationship of these two proteins with ischemia-reperfusion 
induced apoptotic inner retina cell death by double labelling of Bcl-2 or Bax 
with TUNEL; and 
(5) detect P53 protein, which is a bcl-2 and bax upstream regulator, by 
immunohistochemistry. 
In the retinal dystrophic RCS rats we performed experiments to: 
(1) examine and quantify the cell loss in the RGCL and the INL by morphology 
and morphometry; and 
(2) detect Bcl-2 and Bax protein by immunohistochemistry. 
Severity of retinal ischemia reperfusion injury caused by transient elevation of 
intraocular pressure depends mostly on the induction pressure and ischemia duration, 
and is influenced by body temperature and strain of animals. Both necrosis and 
24 
apoptosis were noted under the condition of high inducing pressure and long ischemia 
duration, pathogenesis factors involved might be complex and hard to interpret. To 
simplify the factors that may involve in the inner retinal layer degeneration and increase 
the reproducibility of the result, we selected Lewis rat to undergo a sixty minutes 
ischemia duration with moderate inducing intraocular pressure of l lOmmHg and 
control the body temperature. Similar conditions were reported to induce apoptosis in 
the inner retina (Lam et al., 1997; Lam, 1998). 
Bcl-2 and Bax are representatives of anti- and pro-apoptotic gene products in the 
family, both ofwhich were involved in cerebral ischemia reperfusion injury (Krajewski 
et al., 1995; Chen et al., 1996，1997; Isenmann et al., 1998). Bcl-XL and Bax were also 
reported involved in the retinal ganglion cell apoptotic death after optic nerve crush 
(Levin et al., 1997; Isenmann et al., 1997). Recent study also revealed that caspase(s) 
and PARP, two apoptosis regulators downstream of Bcl-2 and Bax, were involved in 
the elevation o f I O P induced retinal ischemia reperfusion injury (Lam, 1997; Lam et al, 
in press; Chiang et al, 1998; Katai et al.，1998). Hence it is possible that Bcl-2 and Bax 
are involved in the apoptotic inner retina cell death after the retinal ischemia reperfusion 
insult. Thus understanding the role of bcl-2 and bax in cell death in the retina may not 
only provide new insight into the molecular mechanism of apoptosis but also help 
identify new therapeutic approaches. Hence we performed both immunohistochemistry 
and in situ RT-PCR to examine their involvement at the protein and mRNA levels, and 
used double labelling to explore the relation between their expression and DNA 
fragmentation. P53 is believed to act upstream o f B a x (Miyashita et al., 1994; Miyashita 
and Reed, 1995), which it can up-regulate Bax and down-regulate Bcl-2. We also tested 
its involvement in the loss of inner retinal elements. 
In the retinal dystrophic RCS rats, loss of photoreceptor cell was well 
documented and DNA fragmentation detected by TUNEL and gel eletrophoresis 
suggested that they died through apoptosis (Tso et al., 1994). However, little was 
known regarding the changes in inner retinal especially at early age. We performed 
morphologic and morphometric criteria to demonstrate the loss of inner retinal neuron. 
No TUNEL positive was detected in the inner retinal layer but ultmstractural study (Li 
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et al., 1998) of inner retinal cells showed a morphology pattem of cell death different 
from the classical apoptotic features. We used Bcl-2 and Bax immunohistochemistry to 
exam their possible involvement in the inner retinal cell death of the RCS rats. 
26 
CHAPTER 4 
MATERIALS AND METHODS 
4.1. RETINAL ISCHEMIA AND REPERFUSION INDUCED LOSS 
OF INNER RETINAL ELEMENTS 
4.1.1. TISSUE RESPONSES IN THE RAT RETINAS AFTER TRANSIENT 
ELEVATED INTRAOCULAR PRESSURE INDUCED RETINAL 
ISCHEMIA7REPERFUSION INSULT 
4.1.1.1. Induction of retinal ischemia/reperfusion insult with transient elevated 
intraocular pressure (IOP) 
Retinal ischemia-reperfusion injury was induced using a transient elevated 
intraocular pressure (IOP) method previously described (Takahashi K. et al, 1992). 
Male adult albino Lewis rats (Animal House of The Chinese University of Hong Kong) 
were anesthetized with intraperitoneal injection of 100 mg/ml chloral hydrate (Sigma 
Chemical Co.; St. Louis, MO, USA) in O.lM PBS, pH 7.4, at 400mg/kg body weight. 
The conjunctiva sac was washed by sterile normal saline (Baxter Healthcare 
Corporation; Deerfield, IL, USA). After topical instillation of 0.5% alcaine (0.5% 
proparacaine hydrochloride, Alcon-Couvreur; Puurs, Belgium), the anterior chamber of 
a rat eye was cannulated under a Leica M840 operating microscope (Leica AG; 
Heerbmgg, Switzerland) with a 25-gauge needle which was connected to a normal 
saline container via silastic tubing (Baxter Healthcare Corporation; Deerfield, USA). 
Retinal non-perflision was induced by elevating the saline container to produce an 
intraocular pressure (IOP) of 110 mmHg for 60 minutes, and was evident by whitening 
of the anterior segment of the eye and blanching of the retinal arteries under fundus 
examination. At the end of the ischemic period, the needle was removed from the 
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anterior chamber and reperfusion of the retinal vasculature was confirmed by fundus 
examination. Tobrex ointment (tobramycin 3mg/g, Alcon-Couvreur; Puurs, Belgium) 
was applied prophylactically. The body temperatures of the anaesthetized rats were kept 
at 37 °C throughout the ischemia procedure and during recovery. All procedures 
involving animals were in accordance with the resolution on the use of animals in 
research established by the Association for Research in Vision and Ophthalmology. 
4.1.1.2. Animal experiments 
Forty four albino male Lewis rats at 50 to 60 days old were divided into 11 
groups of 4 animals each. All animals were exposed to retinal ischemia-reperfusion 
insult with IOP at 110 mmHg for 60 minutes. One group each was euthanized at 0, 2, 4， 
8, 12, 18, 24, 48, 72，96 hours and 7 days after reperfusion. Another group of four 
animals without treatment was used as normal control. The eyes were enucleated and 
fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4 for eight 
hours. Then after the lens were removed, the globe was bisected vertically through the 
optic nerve into two halves. One tissue sample from each eye was processed with an 
automatic tissue processor (Citadel 1000, Citadel Tissue Processor, Shandon; Runcom, 
Cheshire, England) using the following program: 50%, 70% and 95% ethanol for 1 hour 
each, one change of 100% ethanol for 1 hour followed by two changes for 1.5 hour 
each, one change of xylene for 1 hour followed by two changes for 1.5 hour each, two 
changes of paraffin at normal pressure for 3 hours, and then once under vacuum for 2 
hours. The total processing time was 16 hours. 
Tissue samples were embedded in paraffm with a metallic mould for vertical 
meridian sectioning. Four-micron paraffm sections were cut with a Rotary Microtome 
(2035 Biocut, Leica AG; Nussloch, Germany) and collected on glass slides for (1) 
morphology, (2) morphometry, (3) in situ terminal deoxynucleotidyl transferase (TdT)-
mediated biotin-dUTP nicked end labelling (TUNEL), (4) immunohistochemistry, or 
{5)insituRT-FCR. 
4.1.1.3. Histopathology study and measurement of inner retinal thickness (IRT) 
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The sections were stained by Hematoxylin and Eosin (H & E staining) and 
mounted in Permount Mounting Medium (Toluene Solution, SP 15-500, Permount, 
Fisher Scientific; Fair Lawn, New Jersey, USA) for histopathologic examination under 
a light microscope. 
Morphometry of IRT was performed under light microscopy with a Lecia 
QC500M system (Leica Cambridge Ltd.; UK) on retinal paraffin sections obtained in 
(b). The average thickness of the inner retina (IRT), measured from the inner limiting 
membrane to the interface between the outer plexiform layer and the photoreceptor cell 
layer, was taken under 100X magnification. Measurements of IRT were taken for the 
whole retinal length excluding the 0.5 mm segments at both sides of pars plana and the 
optic nerve region. All measurements were expressed as mean 土 standard deviation 
(S.D.) in ^im. Statistical differences for different groups were analyzed by Tukey's 
Pairwise Multiple Comparison tests. 
4.1.1.4. Flat preparation and retinal ganglion cell counts (RGCCs) 
RGCCs were performed with flat preparations of rat retinas. Lewis rats were 
subjected to the above described ischemic insult and grouped into groups with 4 
animals per group. One group each was euthanized and enucleated at 12, 24, 48，96 
hours or 7 days after reperfusion. One group of 4 animals was used as normal control. A 
total of 24 rats were used in this experiment. 
The enucleated eyes were immersed in 10% neutral buffered formalin for 2 
hours. Flat preparations of retinas were prepared according to a previously published 
method (Stone J, 1981). The anterior segment was removed, and the retina was gently 
separated from the sclera under an operating microscope and flattened on a pre-cleaned 
microscope slide (Superfrost, Fisher Scientific, Pittsburgh, PA, USA) with the nerve 
fiber layer P^IFL) facing upwards. Several radial cuts were made and the retina was 
further flattened by a hair brush or a piece of filter paper. The superior region of the 
retina was marked and the slide was labeled. The sections were then placed into a 
beaker with hot (60 °C) formalin (formaldehyde solution about 40% w/v) vapor for 24 
hours. 
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The slides were stained with 1 % crystal violet (Sigma; St. Louis, MO, USA) 
solution for approximately 1 minute with shaking. The color was monitored. The slides 
were dehydrated by graded ethanol, immersed into xylene and mounted by Permount 
Mounting Medium. 
Counting of nuclei at the retinal ganglion cell layer, which included retinal 
ganglion cells (RGCs) and displaced amacrine cells, was performed under light 
microscopy with 400X magnification and an eye piece reticule. The morphological 
distinguishable glial cells including astrocytes, microglial cells, endothelial cells of 
blood vessels and pyknotic nuclei were excluded from counting. Hence the RGCCs 
included cells other than RGCs. 
Each retina was divided into the posterior and peripheral regions. The posterior 
region was defmed as the area 1.5 mm from the center of the optic nerve head while the 
peripheral region was designated as the area 3.5 mm from the center of the optic nerve 
head. RGCCs were sampled from the superior, nasal, inferior and temporal quadrants of 
the posterior and peripheral regions separately. In each quadrant, the number of 
ganglion cells was counted in 3 adjacent fields and the average was obtained for the 
quadrant, and all 4 quadrants were averaged to obtain the value for one eye. All 
measurements were expressed as mean 士 S.D. per 0.0625 mm^ area. Statistical 
differences for different groups were analyzed by Tukey's test. 
4.1.2. INTERNUCLEOSOMAL DNA FRAGMENTATION AND in situ NICKED 
DNA DETECTIONS AT DIFFERENT TIME AFTER REPERFUSION IN THE 
RAT RETINAS 
4.1.2.1. Enzyme-linked immunosorbent assay (ELISA) of mono- and 
oligonucleosomes 
The Cell Death Detection ELISA^^^^ kit (Boehringer Mannheim, GmbH, 
Germany) was used to detect histone-associated-DNA-fragmentation in retinal 
homogenate. A total of 42 animals were used. Groups of 6 rats at 4, 8, 12, 18，24 and 48 
hours of reperfusion after the previous described retinal ischemia insult were 
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euthanized. An additional group was euthanized and used as normal control. The eyes 
were enucleated and the anterior segments were removed. The whole retina was 
collected, frozen in liquid nitrogen, and stored at - 8 0 ^C until processing. Procedures 
provided by the manufacturer were used. Briefly, the whole retina was immersed in 200 
|il lysate buffer and incubated at room temperature for 30 minutes. After centrifugation 
(BECKMAN GS-15R Centrifuge) at 200xg for 10 minutes, the lysate was diluted 100 
folds. Twenty ^1 of the diluted lysate was mixed with 80 i^l incubation mixture which 
included anti-histone-biotin, anti-DNA-peroxidase (POD) and incubation buffer. The 
mixture was incubated in streptavidine coated microtiter plate (MTP) at room 
temperature for 2 hours with gentle shaking, after which each well of the MTP was 
washed three times with 250 |il incubation buffer. After incubating with the ABTS® 
substrate solution, the amount of nucleosomes was quantified by measuring the optical 
density (O.D.) at 405 nm against the Substrate solution using a BIO-RAD Model 3550-
UV microplate reader. The ratios of O.D.s of the experimental retinas to the normal 
were expressed as mean 土 S.D. Statistical differences for different groups were 
analyzed by Tukey's test. 
4.1.2.2. In-situ terminal deoxynucleotidyl transferase (TdT)-mediated biotin-dUTP 
nicked end labelling (TUNEL) 
Apop-Tag In situ Apoptosis Detection Kit from Oncor (Oncor, Inc.; 
Gaithersburg, MD, USA) and the manufacturer's protocol were used for TUNEL in the 
paraffin embedded retinas (from lb). Briefly, the paraffin embedded retinal sections 
were deparaffinized and re-hydrated. Endogenous peroxidase was blocked by 
incubation with 2% hydrogen peroxide (H2O2) for 15 minutes at room temperature. The 
sections were incubated with terminal deoxynucleotidyl transferase (TdT) in the 
reaction buffer in a humidified chamber for 1 hour at 37 °C. The reaction was 
terminated by adding the pre-warmed Stop/Wash buffer for incubation for 30 minutes at 
37 °C. The sections were then incubated with Anti-Digoxigenin-Peroxidase at room 
temperature for 30 minutes. Positive staining was developed with 0.05% filtered 
diaminobenzidine tetrahydrochioride (DAB) (Sigma Chemicals, St. Louis, MO, USA) 
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in 0.05 M TRIS buffer, pH 7.6, containing 0.01 % H2O2. The degree of color 
development was monitored under a light microscope and the reaction was stopped by 
rinsing with distilled H2O. The sections were then dehydrated by 70%, 95%, 100% 
ethanol and xylene, and mounted with Permount Mounting Medium. Adjacent retinal 
sections, processed similarly except the addition of the TdT enzyme, were used as 
negative control and the dystrophic retinas of pink-eye Royal College of Surgeon rats 
(RCS; rdy-p) were used for positive control (Tso et al., 1994). 
The number of TUNEL positive nuclei at the retinal ganglion cell layer (RGCL) 
and the inner nuclear layer (INL) was counted separately over the whole retinal section 
under a light microscope with 400X magnification using an eyepiece reticule. All 
measurements were expressed as mean 士 S.D. per retina. Statistical differences in 
TUNEL- positive labeled nuclei counting were analyzed by Tukey's test. 
4.1.3. IMMUNOHISTOCHEMISTRY OF BCL-2, BAX AND P53 
The paraffm embedded retinal sections obtained from la were deparaffinized 
and re-hydrated. The sections were treated with preheated 0.01M Citrate Buffer, pH 6.0, 
at 95 °C in a water bath for 40 minutes for antigen retrieval. Endogenous peroxidase 
was blocked by incubation with 3% hydrogen peroxide (H2O2) for 5 minutes at room 
temperature. The sections were blocked with 0.3% Triton X-100 / 3% normal serum 
from secondary antibody donor in a humidified chamber at room temperature for 1 
hour, then incubated with anti-Bcl-2 (1:40)，anti-Bax (1:40) rabbit polyclonal antibodies 
(Calbiochem, Cambridge, MA, USA) or anti-P53 (1:500) sheep polyclonal antibody 
(Oncogene, Cambridge, Massachusetts, USA) in 0.3% Triton X-100/ 1% normal serum 
in 0.01 M PBS in a humidified chamber at 4 °C ovemight. After stopping the reaction 
with 0.01 M PBS, the sections were incubated with biotinylated secondary anti-primary 
immunoglobulin (DAKO, Carpinteria, CA, USA) at room temperature for 1 hour. The 
reaction was stopped by washing with 0.01 M PBS and the sections were incubated 
with ABC complex (DAKO, Carpinteria, CA, USA) at room temperature for 1 hour. 
Positive staining was developed with 0.05 % filtered DAB in 0.05 M Tris buffer, pH 
7.6, containing 0.01% H2O2 and was monitored under a light microscope. The sections 
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were then dehydrated by 70%, 95%, 100% ethanol and xylene, and mounted with 
Permount Mounting Medium. 
Adjacent retinal sections, processed similarly except the addition of the primary 
antibodies, were used as their respective negative controls. Sections of the testis of 
normal Lewis rats were used for positive control (Krajewski et al, 1994; Stephan et al, 
1996). 
Grading of the immunostaining was done independently by three different 
observers using the following protocol. The lowest and highest intensities were given a 
score of 1 and 5 respectively. Each slide was read and ranked according to the scale 
established formerly plus the percentage of cells stained in that rank. Total relative 
immunoreactivity was obtained by multiplying the rank and the percentage of cells in 
that rank. The same batch of experiment with the same primary antibody was read in the 
same day. The relative immunoreactivity of each slide was an average of three 
observers' reading. All measurements for different groups were expressed as mean 士 
S.D. per retina. Statistical differences in immunoreactivity among different groups were 
analyzed by Tukey's test. 
4.1.4. DOUBLE LABELLING OF BCL-2, BAX AND TUNEL 
TUNEL was conducted as in the pervious section. After the color development 
with DAB, the sections were blocked with 0.3% Triton X-100/3% normal swine serum 
in a humidified chamber at room temperature for 1 hour, and then incubated with anti-
Bcl-2 (1:40) or anti-Bax (1:40) rabbit polyclonal antibodies in 0.3% Triton X-100/ 1% 
normal swine serum in 0.01 M PBS in a humidified chamber at 4 °C ovemight. After 
stopping the reaction with 0.01 M PBS, the sections were incubated with biotinylated 
swine anti-rabbit immunoglobulin (DAKO, Carpinteria, CA, USA) at room temperature 
for 1 hour. The reaction was stopped by washing with 0.01 M PBS and the sections 
were incubated with strepavidin-fIuoresein 1:200 (TACS™ , Trevigen, USA) in the 
dark at room temperature for 1 hour. The reaction was stopped by washing with 0.01 M 
PBS and the sections were mounted with fluorescent compatible aqueous mount (Lemer 
Lab, USA). The resulting sections were observed under a fluorescent microscope 
(Leica, DMRB) using a 495nm filter and photographed. 
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4.1.5. IN-SITU REVERSE TRANSCRIPTASE-POLYMERASE CHAIN 
REACTION 
4.1.5.1. Primers design and specificity test 
(1) Primers 
Primers for bcl-2 and bax were designed following the papers by Castren (1994) 
and Gillardon (1994) respectively and purchased from GIBCO BRL (Grand Island, N 
Y，USA). 
i) RT-PCR primersfor bcl-2: 
The upstream 1853-1873 [CCGGGAGATCGTGATGAAGTA] and downstream 
2338-2358 [GGTTCAGGTACTCAGTCATCC] sequences of mouse bcl-2 gene were 
used (Castren et al., 1994). 
ii) RT-PCR primers for bax: 
The upstream 167-189 [CCAAGAAGCTGAGCGAGTGTCTC] and 
downstream 291-313 [AGTTGCCATCAGCAAACATGTCA ] sequences ofmouse bax 
gene were used ( Gillardon et al., 1994). 
The primers were reconstituted in TE buffer (10 mM Tris-HCl, pH 8.0; lmM 
EDTA) and stored at - 2 0 °C till use. 
(2) Rat retinal DNA extraction 
Immediately following euthanaisa of the animals, enucleation and removal of 
the anterior segments of the eyes, the whole retinas were collected, frozen in liquid 
nitrogen, and stored at - 8 0 °C until DNA extraction. 
The RapidPrepTM Genomic DNA Isolation Kit for Cells and Tissue (Pharmacia, 
USA) was used for retinal DNA extraction. Briefly, the whole retina was suspended 
into 50^1 Extraction Buffer and homogenized by a plastic pestle. The homogenate was 
incubated at 55°C for 30 minutes with gentle shaking. Eight hundred |il of Application 
Buffer was added to the homogenate. The sample was mixed well and incubated at 
room temperature for 5 minutes. The mixture was centrifuged at 14,000 rpm 
(Eppendorf 5414C) for 2 minutes. The supernatant was carefiilly pipetted into a pre-
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spun column with supporting tube. After centrifugation at 3000 rpm for 2 minutes, the 
support tube was replaced and the column was washed by adding 400|il Wash Buffer 
and centrifuged at 3000 rpm for 2 minutes. After two washes, the column was put into a 
clean microcentrifuge tube, 400p,l Elution Buffer was added to the column, and it was 
centrifuged at 3000 rpm for 2 minutes. Three hundred and twenty |il of isopropanol 
was added to the eluted DNA with mixing and the mixture was incubated for 10 
minutes at room temperature. The tube was centrifuge at 3000rpm for 10 minutes to 
pellet the DNA. DNA was resuspended in 100 i^l of sterile double-distilled water by 
mixing gently. Ten ^1 of the DNA sample was diluted 100 folds with double-distilled 
water for spectrophotometric measurement (UV/VIS Spectrometer, Lambda 12, Perkin 
Elmer; Norwalk, CT, USA). The purity of the DNA extraction was evaluated by the 
OD260 / OD280. The optical density at 260nm was determined and the DNA 
concentration was calculated as: 
Concentration (^ig/ml)=Absorbance26o x 50 x dilution factor 
(3) Solution PCR and agarose gel electrophoresis of PCR products 
The reaction was performed in a GeneAmp® PCR system 9600 (Perkin-Elmer; 
Foster City, CA, USA) using GeneAmp® PCR core reagents (Perkin-Elmer, New 
Jersey, USA). The composition of the PCR solution is listed as the following: 
PCRBuffe r I I ( lOX) 10 i^l 
dATP (10 mM) 2 ^il 
dGTP (10 mM) 2 ^1 
dCTP (10 mM) 2 i^l 
dTTP( lOmM) 2 ^1 
5' primer ( 20 ^iM) 1 ^il 
3' primer (20 ^iM) 1 ^1 
MgCl2 (25 mM) 6 i^l 
AmpliTaq Gold™ (5U/^il) 0.5 i^l 
Template retinal DNA ( 5 0 ng/^il) 2 ^il 
DEPC water 71.5 i^l 
Total 100 |al 
A step-cycle program with the following steps was used: 94°C, 12 minutes; 
94°C, lminute -55^C, 2 minutes, 35 cycles; and 72°C, 10 minutes. 
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Agarose gel (2.0%) was prepared by adding 1 g agarose in 50 mL IX Tris 
Borate EDTA (TBE) Buffer (89 mM Tris base, 89 mM boric acid, 1 mM EDTA, pH 8). 
Ten ^il of each sample with two i^l loading dye was added to a well. DNA 
electrophoresis was performed at 3-5 Volts/cm in IX TBE buffer using a Mini Gel 
System (Submarine Gel System Model EC 370, E-C Apparatus, St. Petersburg, FL, 
USA). When the loading dye migrated to two-third of the gel's length, electrophoresis 
was stopped and the gel was stained with a 1:10,000 dilution of SYBR Green I 
(Molecular Probes; Eugene, OR) in TBE buffer. DNA bands in the gel were visualized 
with ultraviolet illumination (Foto/PerpI, Fotodyne Incorporated, Hartland, WI, USA) 
through a Tiffen ™ Y-2 filter, and photographed using a Polaroid MP-4 system. 
4.1.5.2. In-situ RT-PCR 
Three four-micron paraffin serial sections of the same tissue block were 
collected on in situ PCR glass slides (Perkin-Elmer, Foster City, CA, USA). One 
section was used as negative control, one for positive control and the remaining one as 
the experimental section. All sections were deparaffmized by xylene, immersed in 
100% ethanol and then air dried. The sections were digested with 50 mg/ml pepsin 
(Riedel-de Haen, Seeize, Germany) in 0.01 N HC1 for 30 minutes at room temperature. 
The reaction was terminated by washing in DEPC water. The sections were dehydrated 
with 100% ethanol, air dried and, except the internal positive controls, were incubated 
with RNase-free DNase (Promega, Madison, WI, USA) in a humid chamber at 37 °C 
overnight. After washing in DEPC water, and dehydrated in 100% ethanol for 1 minute, 
the sections were air dried. Reverse transcription (RT) solution (50 ^1) was added to 
each section except the internal negative controls. The slides were assembled with the 
AmpliCover Discs and Clips (Perkin-Elmer; Foster City, CA, USA) and then incubated 
for 30 minutes in the GeneAmp In situ PCR System 1000 (Perkin-Elmer, Foster City, 
CA, USA) at 42 °C. The composition o f R T solution is listed as the following: 
PCRBuf fe r I I ( lOX) 5 ^1 
dATP(lOmM) 5 i^l 
dGTP(lOmM) 5 i^l 
dCTP(lOmM) 5 1^ 
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d T T P ( l O m M ) 5 ^1 
3 'primer(20 ^iM) 2.5 i^l 
M - M L V R T ( 5 0 U / ^ i l ) 2.5 ^1 
MgCl2 (25 mM) 10 i^l 
RNase inhibitor ( 2 0 U/^il) 2.5 i^l 
DEPC water 7.5 U^ 
Total 50 i^l 
After removing the AmpliCover Discs and Clips with the Disassembly Tool, the 
sections were washed by DEPC water and 100% ethanol for 1 minute each and then air 
dried. Each slide was placed on the preheated Assembly Tool (70 °C) and 50 ^il 
preheated PCR solution was applied to each section. The GeneAmp® in situ PCR core 
kit (Perkin-Elmer, New Jersey, USA) was used. The composition of the PCR mixture is 
listed as the following: 
PCR master mix Components: 
PCR Buffer II (lOX) 5 i^l 
dATP( lOmM) 1 i^l 
dGTP(lOmM) 1 \i\ 
dCTP(lOmM) 1 ^1 
dTTP(lOmM) 1 ^1 
DIG-l l -dUTP 0.5 i^l 
2% bovine serum albumin 2 ^1 
5' primer ( 20 ^iM) 2.5 ^1 
3' primer (20 ^M) 2.5 i^l 
MgCl2(25mM) 9 d^ 
AmpliTaq Polymerase,IS (20 U/^il) 0.5 ^1 
DEPC water 24 i^l 
Total 50 i^l 
The slides were assembled and placed in the GeneAmp In situ PCR System 1000. A 
step-cycle program with the following steps was used: 94�C, 5 minutes; 94°C, 1 minute-
-55°C, 2 minutes, 30 cycles; 72�C, 10 minutes. After disassembling the AmpliCover 
Clips from each slide, blocking was performed in lxSSC [0.15 M NaCl, 0.015 M 
Na3citratc2H2O (pH 7.0)] and 0.2% BSA solution for 10 minutes at 50 °C. The slides 
were washed in 0.1 M Tris-HCl saline (pH 7.5) and incubated with anti-digoxigenin AP 
antibody (Boehringer Mannheim, Germany) at 1:200 dilution in 0.1 M Tirs-HCl saline 
for 1 hr at room temperature in a humidified chamber. Color was developed using 
NBT/BCIP (Zymed, San Fransisco, CA, USA) at 37 °C and monitored under a light 
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microscope. The reaction was stopped by rinsing with distilled water. The sections were 
dehydrated in a series of ethanol, xylene and then mounted with Permount Mounting 
Medium. 
Grading of the mRNA RT-PCR products was conducted by three observers as in 
the immunostaining except that there was only one retina per group. 
4.2 LOSS OF INNER RETINAL ELEMENTS IN THE RETINAL 
DYSTROPHIC ROYAL COLLEGE OF SURGEONS (RCS) RATS 
4.2.1 HISTOPATHOLOGY 
Fifteen pink-eye retinal dystrophic Royal College of Surgeon (RCS-rd-p) rats 
in groups of 3 of 14, 21，28, 42 and 56 days old were studied. Epoxy retinal sections of 
three eyes from each group were studied. The enucleated eyeballs were fixed in 2.5% 
glutaradehyde solution in 0.1 M cacodylate buffer at pH 7.4 for 6 hours at 4 °C. The 
anterior segments were removed and the remaining eyecups were sampled into four 
strips, one each from the superior, nasal, inferior and temporal quadrants. After rinsing 
in two changes of 0.1 M cacodylate buffer pH 7.4 for 5 minutes each, the tissue samples 
were post-fixed in 1% aqueous osmium tetroxide (Electron Microscopy Sciences, Fort 
Washington, PA, USA) in 0.1 M phosphate buffer for one hour at room temperature. 
After three washings of distilled water with mixing in a Rotary Mixer (Ted Pella, Inc; 
Redding, California, USA) at maximum speed, the samples were dehydrated in two 
changes each in 30%, 50%, 70%, 85%, and 95% ethanol for 15 minutes each, three 
changes of absolute ethanol for 20 minutes each and then two changes of propylene 
oxide for 20 minutes each. The specimens were transferred into freshly prepared 1:1 
propylene oxide-resin mixture (Embed 812 kit, Electron Microscopy Sciences, Fort 
Washington, PA, USA) for 1 hour at room temperature, then 1:3 propylene oxide-resin 
mixture for 3 hours, followed by infiltration with pure resin for ovemight at room 
temperature. The tissue samples were embedded in pure resin mixture. The embedded 
blocks were then cured at 60 °C for at least 24 hours. After trimming, each specimen 
was sectioned into 1 ^im thick by a Reichert Ultracut R (Leica AG, Austria). The 
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sections were collected on glass slides, dried, stained with 1% toludine blue, then 
mounted and examined under a light microscope. 
4.2.2 MORPHOMETRY OF CELLS IN THE RETINAL GANGLION CELL 
LAYER (RGCL) AND THE INNER NUCLEAR LAYER (INL) 
Retinal sections of pink-eye retinal dystrophic Royal College of Surgeon (RCS-
rd-p) rats of age 15，25，30, 35, 40, 45, 55 and 60 days in paraffin were studied. Four 
eyes per group were used. Cells in the retinal ganglion cell layer (RGCL) and the inner 
nuclear layer (INL) were counted using a Leica QC500M system. Cell counts were 
taken from ten areas (each of 89 ^m retina in length and a total of 890 ^im ) selected 
from the whole retinal length excluding the 0.5 mm length at both sides of pars plana 
and the optic nerve region. Morphologically distinguishable glial cells including 
astrocytes, microglial cells and pyknotic nuclei in the RGCL were excluded from 
counting, while all nuclei in the INL were counted. Two sections of each eye were 
counted and averaged, three different animals from each group were measured. All 
measurements were expressed as mean 土 S.D. per 89 ^im and statistical differences 
among different groups were analyzed by Tukey's test. 
4.2.3. IMMUNOHISTOCHEMISTRY OF BCL-2, BAX 
Immunohistochemistry ofBcl-2 and Bax were studied on paraffin sections RCS-
rd-p rats obtained in the preceding section. Procedures for immunohistochemistry of 
Bcl-2 and Bax were the same as in the pervious section on retinal ischemia-reperfusion 




5.1. RETINAL ISCHEMIA AND REPERFUSION INDUCED LOSS 
OF INNER RETINAL ELEMENTS 
5.1.1. TISSUE RESPONSES IN THE RAT RETINAS AFTER TRANSIENT 
ELEVATED INTRAOCULAR PRESSURE INDUCED ISCHEMIA 
REPERFUSION 
5.1.1.1. HistopathoIogy 
Figure 1 shows the typical histopathologic features of rat retinas at various 
reperfusion time after 60 minutes o f l l O mmHg intraocular pressure. Similar features 
were noted in all regions of the retina. Hence only the inferior retinas were shown here. 
At 4 hours (Fig IB)，shrunken and densified nuclei were noted in the retinal ganglion 
cell layer (RGCL) and the inner nuclear layer (INL). The inner and outer plexiform 
layers (IPL & OPL) were edematous. Noticeable loss of cells in the RGCL was seen 
from 8 hours (Fig lC) with increasing appearance of condensed nuclei in the INL. The 
edema of the IPL and the OPL remained. Mild thinning of the IPL was noted at 12 to 24 
hours (Fig lD & lE). From 48 hours to 7 days (Fig lF, lG & lH), significant losses of 
cells from the RGCL and the INL were noted but no densified nucleus was detectable. 
The IPL was significantly thin, and the edema of the OPL subsided. Throughout the 
observation period no inflammatory infiltrate was noted and the ONL remained 
unremarkable. 
5.1.1.2. Morphometry of inner retinal thickness 
The losses of nuclei from the RGCL and the INL, and thinning o f the IPL were 
confirmed by measuring the inner retinal thickness (IRT) (Fig 2). There was no 
significant difference between the normal and sham operated retinas as measured at 7 
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days of reperfusion. In contrast, IRT measurement at 48 hours after reperfusion was 
significantly (P<0.05, Tukey's test) lower than that of the normal (82.7 士 4.9 ^m versus 
107.9 士 2.2 ^m; mean 士 S.D., n=4). It continued to decrease between 48 hours and 7 
days but no statistically significance was noted among the 48 hour, 72 hours, 96 hours 
and 7 days reperfusion groups. 
5.1.1.3. Retinal ganglion cell counts (RGCCs) 
Figure 3 is a composite picture showing typical flat preparations of the inferior 
quadrants of the posterior (A, B, and C) and peripheral (D, E, and F) rat retinas at 
various times after reperfuison. Similar appearances of flat preparations were noted at 
the superior, temporal and nasal regions, hence for convenience, only the inferior 
regions were shown here. After 24 hours of reperftision, the posterior (Fig 3B) and the 
peripheral (Fig 3E) retinas showed noticeable loss of nuclei when compared to their 
respective normal controls (Fig 3A & 3D). This loss continued up to 7 days after 
reperfusion (Fig 3C & 3F). 
Morphometry of RGCCs (Fig 4) showed that in the normal Lewis rats the 
posterior retina showed a higher density of cells than the peripheral retina (305.5±29.6 
versus 253+33.2; mean 土 S.D. per 0.0625 mm】； n=4). RGCCs o f the posterior (Fig 4A) 
as well as the peripheral (Fig 4B) retinas decreased at 12 hours of reperfusion and 
reached a significant level (P<0.05, Tukey's test) at 24 hours against the normal retina. 
The numbers continued to decrease but showed no significant difference among the 
remaining reperfusion groups. At 7 days after reperfusion the RGCCs at the posterior 
and peripheral retinas reduced to 153i21.2 and 120.3±12.6 per 0.0625 mm^ 
corresponding to 49.8% and 52.4% of their respective normal values. 
5.1.2. INTERNUCLEOSOMAL DNA FRAGMENTATION AND IN SITU 
NICKED DNA DETECTION AT DIFFERENT TIME AFTER REPERFUSION 
IN THE RAT RETINAS 
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5.1.2.1. Enzyme-linked immunosorbent assay (ELISA) of mono- and 
oligonucleosomes 
The optical density (O.D.) ratios, representing the relative amount of mono- and 
oligonucleosomes in the retinal extracts, showed that nucleosomes were detected as 
early as 2 hours, showing significant increase at 8 hours (P< 0.05, Tukey's test). After 
reaching a maximum at 18 hours, it started to decline at 18 and continued to 48 hours 
(Fig5). 
5.1.2.2. In situ TUNEL 
No TUNEL positive nucleus was noted at any layer of the normal rat retina (Fig 
6A). However, at 4 hours after reperfusion some isolated cells in the RGCL and the INL 
showed weakly difftised labelling (Fig 6B). TUNEL positive nuclei with ring-like 
labelling pattern were noted at 8 hours and a continued increase in their numbers were 
noted in the RGCL and INL between 8 (Fig 6C) and 18 hours (Fig. 6E). However, no 
detectable TUNEL positive nucleus was observed at 48 hours (Fig 6F) after reperfusion. 
The numbers of TUNEL positive nuclei at the RGCL (Fig 7A) as well as at the 
INL (Fig 7B) showed gradual increases between 4 and 18 hours after reperfusion and 
noticeable decreases between 24 and 48 hours. Statistic significant increases were noted 
at all time points starting at 4 hours when compared to the normal and in the 8 to 24 
hours groups when compared with the 4 hours group after reperfusion (P< 0.05, 
Tukey's test). 
5.1.3. BCL-2 AND RETINAL ISCHEMAI-REPERFUSION INJURY 
5.1.3.1. Immunohistochemistry of Bcl-2 
In the normal rat retina, mild immunoreactivities (IRs) were detected in the 
RGCL, INL and ONL (Fig 8A). Immediately after the 60 minute non-reperfusion insult, 
the intensity ofBcl-2 IRs decreased in the RGCL and in most cells in the INL except a 
mild increase in some scattered cells in the FNL (Fig 8B). In the ONL, both the density 
and intensity of Bcl-2 IRs appeared unchanged. Bcl-2 IRs continued to decrease in all 
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layers of the retina as noted at 2 hours (Fig 8C) till hardly detectable at 18 hours (Fig 
8D). However at 24 hours (Fig 8E) there was a transient recovery of Bcl-2 IRs in 
scattered cells throughout the different layers of the retina especially the RGCL. IRs of 
Bcl-2 subsided and were hardly noticeable in all layers at 96 hours (Fig 8F). The 
negative control which omitted the Bcl-2 Ab showed no positive staining. Rat testis 
using as positive control showed similar pattem like that of the flurescent detection, bcl-
2 IR in testis was much higher than that of the retina. 
A semi-quantitative grading of Bcl-2 immunoreactivities (IRs) in rat retinas at 
various reperfusion time showed that Bcl-2 IRs in the RGCL and the FNL were higher 
than the ONL. In the RGCL (Fig 9A) and the INL (Fig 9B), Bcl-2 IRs gradually 
decreased between immediately after the insult and 18 hours of reperfusion with a 
recovery at 24 hours followed by lowered levels at 48 to 96 hours. In the ONL (Fig 9C), 
Bcl-2 IRs showed a similar trend as in the RGCL except that the decrease was more 
noticeable between 0 and 2 hours after reperfusion. At 96 hours after reperfusion, Bcl-2 
IRs decreased to about 15% of their respectively normal levels, with that o f the RGCL 
slightly lower than those of the INL and ONL. The loss of IRs in the RGCL and the 
INL was higher than that ofthe ONL. 
5.1.3.2. Double labelling ofBcl-2 and TUNEL 
Normal rat testis was used as positive control for Bcl-2 (Fig lOA). Concomitant 
IRs ofBcl-2 (Fig lOA) and TUNEL (Fig lOB) were observed in the same cells in the rat 
testis. In the normal rat retina (Fig lOC), scattered and mild IRs of Bcl-2 were noted in 
the RGCL and the ONL but not in the INL. No detectable TUNEL positive cell was 
noted in the normal retina (Fig lOD). At 18 hours, TUNEL positive cells (Fig lOF) with 
Bcl-2 IR (Fig lOE) were noted. However there were some Bcl-2 positive cells with no 
TUNEL in the INL. There was no positive TUNEL cells at 96 hours (Fig lOH), but 
some scattered cells in the RGCL, INL and most cells in the ONL were mildly Bcl-2 
positive (Fig lOG). 
5.1.3.3. In situ RT-PCR detection ofbcl-2 mRNA 
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PCR products of the bcl-2 (Lane 5) primers examined by agarose gel 
electrophoresis were shown in Fig 11. The specifically amplified bcl-2 product was 
shown to have a single band corresponding to approximately 503 bp, the expected 
length of the PCR product. The negative control (Lane 4, Fig 11)，which omitted retinal 
DNA in the PCR mixture, showed no band in the gel. 
In the internal positive controls, the sections which were not treated with DNase, 
more than 50% cells in all retinal layers showed positive signal of PCR products. While 
in the internal negative controls, the sections which were treated with DNase but 
without reverse transcriptase, no staining was noted. In the normal rat retina (Fig 12A), 
most cells in the RGCL, INL and ONL were positive with in situ RT-PCR, with some 
scattered cells in the INL and ONL showing more reaction products. A generalized 
decrease in the RT-PCR signal in all layers of the retina was noted except for some 
scattered cells in the ESfL showing sustained levels at 2 hours (Fig 12B). The overall 
levels ofbcl-2 RT-PCR products continued to diminish except for some isolated cells in 
the RGCL and the INL till 12 hours (Fig 12C). Then the levels o fRT-PCR products in 
all retinal layers gradually recovered to the normal level at 96 hours (Fig 12D). 
Grading of in situ RT-PCR of bcl-2 mRNA (Fig 13) shows similar suppressed 
levels in both the RGCL (Fig 13A) and INL (Fig 13B) between 0 and 12 hours of 
reperfusion, a recovery to the normal levels at 18 to 96 hours with a transient drop at 72 
hours. The normal bcl-2 mRNA signal in the RGCL was stronger than that o f the INL. 
5.1.4. BAX AND RETINAL ISCHEMIA-REPERFUSION INJURY 
5.1.4.1. Immunohistochemistry o fBax 
Mild immunoreactivities (IRs) of Bax were detected in most of the cells of the 
RGCL，INL and ONL in the normal rat retina (Fig 14A). Immediately after the ischemia 
reperfusion insult, Bax IRs in the RGCL, INL and ONL diminished except for some 
isolated cells in the RGCL and INL, which showed intense staining (Fig 14B). IRs 
continued to decrease as noted at 2 hours of reperfusion (Fig 14C) until hardly 
detectable in all layers of the retina at 18 hours (Fig 14D). At 48 hours (Fig 14E), there 
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was a slight recovery of IRs in some isolated cells in the RGCL and INL especially the 
later. Bax IRs were hardly noticeable at 96 hours (Fig 14F). Similar pattem like that of 
the flurescent detection in the testis was detected, with much higher IR than that of the 
retina. 
Semi-quantitative grading of Bax IRs showed that in the normal retina, IRs of 
Bax in the RGCL and ESfL were about 2 folds higher than that of the ONL. It showed a 
sharply decreased in the RGCL (Fig 15A) between 2 and 12 hours of reperfusion with 
statistical differences at 8 to 12 hours after reperfusion when compared with the normal 
retina (P<0.05, Tukey's Test) and a slight recovery noted at 48 hours. In the rNL(Fig 
15B), similar decrease trend with significant depress was noted at 18 to 24 hours 
(P<0.05, Tukey's Test). Similar trend in the changes o f B a x IRs in the ONL (Fig 15C) 
as in the RGCL and INL were noted wihtout statistical significance. At 96 hours after 
reperfusion, the IRs decreased to less that 40% of the normal level in all layers. 
5.1.4.2. Double labelling o fBax and TUNEL 
Normal rat testis germal cells IR showed Bax positive (Fig 16A) together with 
positive TUNEL (Fig 16 B). In the normal retina only isolated Bax positive cells were 
noted in the RGCL and scatteringly in the ONL (Fig 16C) while no TUNEL positive 
nuclei was detected (Fig 16D). At 18 hours after reperfusion, most TUNEL positive 
cells (Fig 16F) also showed Bax IRs (Fig 16E). However some isolated cells with 
typical ring-like TUNEL pattem were not Bax positive. Neither Bax (Fig 16G) nor 
TUNEL positive cells (Fig 16H) were noted in the retina at 96 hours. 
5.1.4.3. In situ RT-PCR for bax mRNA 
PCR products of the bax (Lane 2) primer examined by agarose gel 
electrophoresis were shown in Fig 11. A single band of the amplified products 
corresponding to aproximatly 146 bp was noted. The negative control, which omitted 
retinal DNA in the PCR mixture, in lane 3 showed no band in the gel. 
In situ RT-PCR showed that most cells of the RGCL and scattered cells in the 
INL and in the ONL were positive in the normal rat retina (Fig 17A). The reaction 
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signal of RT-PCR of bax mRNA diminished in all layers of the retina at 2 hours of 
reperfusion (Fig 17B). However positive reaction products reappeared in some scattered 
cells of the RGCL and the INL at 8 hours (Fig 17C). The signals in some scattered cells 
of the RGCL and the INL continued to recover between 12 and 96 hours (Fig 17D). 
Grading of in situ RT-PCR of bax mRNA (Fig 18) shows a decrease in the bax 
RT-PCR products in both the RGCL (Fig 18A) and INL (Fig 18B) at 0 to 8 hours after 
reperfusion with a partial recovery between 12 hours and 96 hours. The normal bax 
mRNA signal was about three times stronger in the RGCL when compared with that the 
INL. 
5.1.5 P53 IMMUNOREACTIVITY IN VARIOUS TIME OF REPERFUSION 
Rat testis as positive control showed P53 IR (Fig 19A) while negaitve control 
retina which omitted the P53 Ab showed no IR(Fig 19B). Mild P53 IRs were detected 
in the RGCL, INL and ONL of the normal rat retina (Fig 20A). Increase in IRs in 
isolated cells in the RGCL and the inner part o f t he INL at 2 hours ofreperfusion but an 
overall decrease in all layers of the retina (Fig 20B) were noted. P53 IRs continued to 
decreased afterwards and were hardly detectable in all layers of the retina except for 
some isolated cells in the inner part of the INL at 18 hours (Fig 20C). At 48 (Fig 20D) 
and 72 hours (Fig 20E) P53 IRs showed mild recovery in all layers. However at 96 
hours (Fig 20F), P53 IRs appeared diminished in the ONL while there was no change in 
the RGCL and INL. 
Semi-quantitative grading of P53 IRs showed that P53 IRs of the RGCL (Fig 
21A)，remained unchanged until 4 hours, but significantly decreased between 4 and 8 
hours, and a partial recovery afterwards. At 96 hours after reperfusion the IRs was about 
half of the normal. In the INL (Fig 21B), P53 IRs gradually decreased between 0 and 48 
hours and returned back to near normal at 72 and 96 hours. In the ONL (Fig 21C), P53 
IRs was about half of that in the RGCL and showed a slight increase between 0 and 4 
hours then a gradual decrease till 48 hours with a transient recovery at 72 hours. At 96 
hours the IRs was half of the normal level. 
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5.2. Loss of inner retinal elements in the retinal dystrophic Royal 
College ofSurgeon (RCS) rats 
5.2.1 HISTOPATHOLOGY 
At 14 days of age (Figure 22A), the inner and outer segments (IS & OS) were 
short with elongated nuclei in the ONL. Isolated dense nuclei and swollen horizontal 
cells were seen in the INL. From 21 days (Figure 22B), the OS and IS were enlongated 
and mildly disorganized with debris accumulated between the OS and the retinal 
pigment epithelium (RPE). Scattered densified nuclei were noted in the INL. At 28 days 
(Figure 22C), disorganization of the IS and OS persisted with extensive accumulation of 
cell debris between the OS and the RPE. The ONL was noticeably thin. The outer 
plexiform layer was thin and vacuolated. Swollen cells were noted in the RGCL and the 
INL. At 42 (Figure 22D) and 56 days (Fig 22E), the IS and OS were disorganized and 
shorten. The thickness of the ONL continued to diminish until only one layer of 
photoreceptor cells left. Swelling of horizontal and bipolar cells was seen in the INL. 
Scattered ganglion cells were edematous. Throughout the observation period, no 
inflammatory infiltrates were noted in the RGCL and the ESfL. 
5.2.2. MORPHOMETRY OF CELLS IN THE RGCL AND INL 
In both the RGCL (Figure 23A) and the INL (Figure 23B), the numbers of nuclei 
gradually decreased starting at 15 days. There was significant difference between 25 
days and 55 days, (P<0.05, Tukey's Test). At 55 days of age, the cell counts per 89 ^im 
retinal length in the RGCL and the INL were approximately 23% and 64% of those of 
25 days respectively. 
5.2.3 IMMUNOHISTOCHEMISTRY OF BCL-2 AND BAX 
5.2.3.1. Bcl-2 
At 25 days (Figure 24A), scattered nuclei in the RGCL and INL were 
moderately positive while most cells in the ONL showed strong Bcl-2 Irs. From 30 days 
(Figure 24B) to 45 days, Irs in the RGCL, the INL and the ONL decreased except some 
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nuclei in the ONL showing strong Irs. At 60 days (Figure 24 D), the remaining nuclei in 
all layers showed weak Bcl-2 Irs. 
Semi-quantitative scoring of Bcl-2 Irs showed that the ONL had the highest 
level. Significant suppression of Irs in the RGCL (Fig. 25A) was noted between 30 to 
45 days (P<0.05, Tukey's test), followed by a significant recovery (P<0.05, Tukey's 
test) to the 15 days levels at 55 and 60 days. In the INL (Fig. 25B), there was slightly 
depression ofBcl-2 Irs from 30 to 45 days, then elevated to a level slightly higher than 
15 days without statistically significance among the groups. In the ONL (Fig. 25C), the 
Irs diminished at 25 days till 45 days. Bax Irs were significantly suppressed between 30 
and 45 days (P<0.05, Tukey's test). At 55 and 60 days, the Irs recovered to the 15 days 
level. 
5.2.3.2. Bax 
At 15 days (Fig 26A), nuclei in the RGCL and the ONL showed moderate IRs, 
while scattered cells in the INL were mildly positive. By 35 days (Fig 26B), Bax IRs 
decreased in the RGCL but elevated in the INL with some scattered cells in the INL 
showing increased IRs. In the ONL scattered cells showed strong IRs among other 
weakly or moderately positive cells. At 45 days Bax IRs decreased in all layers o f the 
retina except some isolated cells in the INL (Figure 26C). At 60 days (Figure 26D), 
some nuclei in the RGCL showed moderate Bax IRs. Most cells in the INL and the 
ONL showed strong to moderate IRs. 
Semi-quantitative scoring of Bax IRs showed that there was a slight but 
statistical insignificant increase in the RGCL (Fig 27A), showing a maximun at 45 days. 
In the INL (Fig 27B), IRs increased significantly (P<0.05, Tukey's test) between 15 
days to 30 days then gradually decreased till 45 days but showing significant elevation 
at 55 and 60 days (P<0.05, Tukey's test). In the ONL (Figure 27C), Bax IRs showed a 
time-dependent decrease between 15 to 45 days (P<0.05, Tukey's test) and a significant 





In this study, we reproduced a rat retinal ischemia-reperfusion model by 
transient elevation of intraocular pressure (Takahashi K. et al, 1992) in our laboratory. 
We examined the early histopathologic changes of the retina after the insult showing 
edema and the appearance of densified nuclei in the inner retina. We documented the 
early and significant losses of the inner retinal thickness at 48 hours and RGCCs in the 
RGCL at 24 hours after the insult. Using an ELISA assay we noted the presence of 
mononucleosomes and oligonucleosomes in retinal DNA as early as 2 hours after 
reperfusion and reaching a maximum at 18 hours. This temporal sequence was 
consistent with the result of nicked DNA detection with in situ TUNEL showing 
positive nuclei at the RGCL and INL at 4 hours and a maximal value at 18 hours after 
the insult. Hence, we confirmed the involvement of apoptosis in retinal ischemia-
reperfusion injury and that DNA fragmentation was detected before any significant loss 
of inner retinal elements as evaluated by morphometry of cell counting in the RGCL 
and inner retinal thickness. 
Using immunohistochemistry and in situ RT-PCR, we were able to detect mild 
Bcl-2 IRs and its mRNA RT-PCR products in the RGCL, m L and ONL in the normal 
retina. The overall Bcl-2 mRNA RT-PCR products and its IRs were decreased in all 
retina layers right after the insult till reaching their minima at 12 and 18 hours 
respectively, these times of minima preceded the time of maxima of the morphometry 
of TUNEL and ELISA measurement of nucleosome formation. Bcl-2 IRs only showed 
transient and partial recovery at 24 and 72 hours while bcl-2 mRNA RT-PCR products 
recovered to the normal level from 18 to 96 hours except 72 hours in the RGCL and the 
INL. Hence, it appeared that the overall Bcl-2 protein and its mRNA were suppressed 
immediately after the insult and before significant DNA nicks and fragmentation as well 
as significant loss of cells. This is consistent with the hypothesis that bcl-2 is an anti-
apoptotic gene and its suppression may contribute to apoptotic cell death that we noted 
in this model of retinal ischemia insult. However, scattered cells in the INL showed 
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increased IRs after the insult. Double labelling of Bcl-2 and TUNEL showed that DNA 
double strand breaks in the nuclei of thecells at the RGCL and the INL were associated 
with Bcl-2 IRs, however not all Bcl-2 positive cells had nicked DNA. This is contrary 
to the expected anti-apoptotic role of Bcl-2. Whether increased level of Bcl-2 will 
adequately prevent the cell from dying needs to be further evaluated. 
We detected mild Bax IRs in the RGCL, INL and ONL in the normal retina, and 
noted a gradual decrease of IRs till 24 hours after the insult. Scattered cells in these 
layers showed mRNA RT-PCR products in the normal retina and a gradual decreased 
between 0 and 8 hours after the insult. These changes may be caused by ischemia 
reperfusion insult. Even after 12 hours when the transcription partially recovered, the 
Bax protein expression was retarded till 48 hours. We also noted some isolated cells 
showed an increase in IRs at 0 hour in the INL. It is possible this increase in Bax in 
isolated cells is related to the pro-apoptotic function of Bax. Double labelling of Bax 
and TUNEL showed colocalization of Bax and TUNEL in some scatttered INL cells. 
This is consistent with the expected pro-apoptotic role of Bax. However, we also noted 
TUNEL positive nuclei without Bax IR. 
The overall P53 IRs decrease in all retinal layers started from 4 hours after 
reperfusion, but isolated cells in the RGCL and the inner part of the INL showed an 
increase at 2 hours. Some isolated cells in the inner part of the INL showed persistent 
IRs in spite of the generalised decrease in IRs. Hence, P53 may have a role in the tissue 
response after retinal ischemia insult. 
In the retinal dystrophic RCS rats, we first noted significant cell loss in the 
RGCL and the INL during which most photoreceptors die. Morphologically, unlike the 
mass condensation of nuclei existing in the ischemic model, scattered cells in the RGCL 
and the INL showed mild edema together with minor condensation ofnuclei. Bcl-2 IRs 
in the RGCL, INL and ONL were significantly depressed between 30 and 45 days 
before the significant cell loss in these layers, while Bax IRs showed differential 
changes in different layers. In the RGCL, Bax did not show significant changes between 
30 and 55 days, however a moderate increase was noted at 60 days in scattered cells. In 
the rNL, Bax IRs were notably increased at 25 days and were sustained in most cells 
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from 30 to 60 days, which correlated with the cell loss starting between 25 and 55 days. 
The depressed Bcl-2 and elevated Bax levels before the significant loss of inner retinal 
elements ofRCS rats were consistent with their anti-apoptotic and pro-apoptotic effects. 
This temporal relationship implicated the possible involvement of Bcl-2 related proteins 
in this degenerative process. 
These findings confirmed an important role of apoptosis in retinal ischemia 
reperfusion injury and suggested a possible involvement of Bcl-2 family members and 
P53 in the events of apoptosis in the inner retinal elements after ischemia-reperfusion. 
In contrast, in the loss of inner retinal elements in the retinal dystrophic RCS rat retinas, 
there may be a morphological variation of apoptotic cell death in the inner retina of 
RCS rat but with involvement of Bcl-2 and its related proteins. 
6.1. RETINA ISCHEMIA AND REPERFUSION INDUCED LOSS OF 
RETINAL ELEMENTS 
6.1.1. REPERFUSION TIME DEPENDENT RESPONSE IN RAT RETINA 
Consistent with Lam's data and Buchi's report, we noted early appearance of 
shrunken and densified nuclei in the RGCL and INL together with edema of the inner 
retina before the thinning of the IRT and noticeable reduction of RGCC. No 
inflammatory infiltrates were noted throughout the observation period. This pattern of 
morphologic changes is consistent with apoptosis (Wyllie, 1984; Papermaster and 
Windle, 1995). 
Similar to early findings in rats by Smith and Baird (Smith and Baird, 1952), 
Hughes (Hughes, 1991) and Buchi (Buchi et al.，1991)，we noted that the neurons ofthe 
inner retina layers are more sensitive to the ischemic insult than the outer retina. We 
noted the inner retinal thickness (IRT) diminished significantly starting at 48 hours and 
continued slightly till 7 days after reperfusion with the loss of 30% IRT. However, the 
loss is moderate when compared to Hughes' data in which the IRT decreased about 
50% at 14 days after reperfusion with an ischemia episode at 60 minutes (Hughes, 
1991). The levels of intraocular pressure (IOP) and duration of the insult play important 
51 
parts in the tissue responses. We used an IOP o f l l O mmHg which corresponds to the 
systemic systolic blood pressure in the rats (Bianchi G, 1983) to generate a moderate 
response. The type of anaesthetics used may also influence the outcome. We used 
chloral hydrate to avoid the antiexcitotoxic effects of commonly used anaesthetics such 
as ketamine or barbiturates (Olney et al., 1986). Locally applied ketamine can prevent 
the edema after retinal ischemia (Louzada-Junior et al., 1992). Barbiturate anaesthesia 
can also produce a cardiovascular depression that appeared to hamper the blood 
reperfusion (Henderson and Hughes, 1986). It is also known that body temperature has 
a significant effect on the tissue responses. Hypothermia is protective to the retina 
(Faberowski et al., 1989). Nayak and Marmor reported that the post-ischemic ERG 
recovery is body temperature related. In rabbit, at between 35.5-37.7 °C throughout the 
experiment, the a- and b-wave recovered to 131.52% and 107.68% of their respective 
preischemic values after 4 hours of reperfusion. When the temperatures were between 
37.8-38.9 °C, the a- and b-waves only recovered to 88.43% and 32.0% of the i r normal 
values O^ayak and Marmor, 1995). In our study, the body temperature o f t h e animal 
was maintained at 37 °C during the ischemia and recovery periods to obtain a 
reproducible outcome. The strain of the rats may also affect the tissue response. 
Contrary to Buchi's study (Buchi, 1992 a, b) in which Sprague Dawley rats were used 
and there were extensive photoreceptor damages, we did not find similar extent of 
photoreceptor changes in our settings in which we used albino Lewis rats. 
6.1.2. ISCHEMIA/REPERFUSION INDUCED APOPTOSIS IN RAT RETINA 
We documented the involvement of apoptosis in the inner retinal elements by an 
ELISA assay and in situ TUNEL. Mononucleosomes and oligonucleosomes in the 
retinal DNA were present as early as 2 hours after reperfusion reaching a maximum at 
18 hours. These temporal changes were consistent with the result of nicked DNA 
detection with in situ TUNEL showing positive nuclei at the RGCL and the INL at 4 
hours and a maximal value at 18 hours after the insult. However, it appears that the 
ELISA is more sensitive than TUNEL. On the other hand, morphometry of TUNEL 
showed less variation among samples than the ELISA. 
52 
Our findings are consistent with earlier studies which showed that the inner 
retinal neurons died of apoptosis (Buchi, 1992; Li et al.，1995; Lam et al., in press). 
Back in 1992, Buchi described ultrastructural features of degenerating cells in the inner 
retina consistent with apoptosis in a similar model. However, in his study inflammatory 
reaction was noted, the tissue damage was severe including extensive loss of 
photoreceptors, and both apoptosis and necrosis features were present. In contrast, 
under our experiment conditions there is no evidence of inflammatory involvement and 
only occasional drop out of photoreceptor cell. Hence our findings are consistent with 
Lam's studies (Lam, 1997; Lam et al, 1998; Lam et al, in press) in which apoptosis was 
shown to play a prominent role. 
To confirm the involvement of apoptosis, we employed a commercially 
available ELISA kit to detect mononucleosomes and oligonucleosomes in whole retinal 
homogenate. This method is believed to be more sensitive than the traditional gel 
electrophoretic analysis o f D N A fragmentation. Compare to Lam's study (Lam et al., in 
press) which demonstrated a detectable ladder pattem in the retinal DNA gel analysis at 
8 hours after retinal ischemia reperfusion, we noted nicked DNA by ELISA as early as 
2 hours under similar experimental conditions. On the other hand, consistent with early 
DNA gel analysis by Lam et al., ELISA and morphometry of in situ TUNEL in this 
study showed maximum nicked DNA at 18 hours. Hence, under our hands the ELISA 
method indeed is more sensitive than TUNEL as well as the traditional DNA gel 
analysis. 
With morphometry of RGCC and IRT showing significant decreases at 24 hours 
and 48 hours after reperfusion respectively, we conclude that the morphologic changes 
and DNA fragments are detectable well before any significant inner retinal elements 
loss. 
6.1.3. BCL-2 AND RETINAL ISCHEMIA/REPERFUSION INSULT 
In this and later series of immunohistochemical experiments, in which we 
applied antigen retrieval (AR) procedures to improve the sensitivity of 
immunohistochemistry. Here, we were able to show a mild level o fBc l -2 expression in 
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all layers of the normal rat retina with a relatively higher level in the RGCL and the 
INL. Developed by Shi and his coworkers (Shi et al. 1991)，AR technique was believed 
to break the formalin-induced crosslinkage between epitopes and unrelated proteins, 
extract diffusible blocking proteins, allow better penetration of antibody and increase 
accessibility of epitopes (Suurmeijer and Boon, 1993). Thus paraffin sections after AR 
treatment may have the same or even higher sensitivity than frozen sections (Shi et al. 
1997). Any background staining that may be found in frozen tissue section can also be 
found after AR such as unmasking of endogenous biotin; hence, a negative control 
without adding primary antibody must be included in every batch of immuno staining. 
Different heating methods have been used for AR (Shi et al. 1997), such as autoclaving, 
pressure cooking, water bath, microwaving plus plastic pressure-cooking and steam 
heating. Though microwaving can have a much shorter incubation time, the method we 
employed here was relatively economical and easy in controlling the temperature. 
In most immunhistochemical studies, localization of IR is acceptable often by 
demonstration in one or more photomicrographs. However, it is important to know not 
only that a particular compound is present in a specific cell type, but also to detect and 
quantify changes in the local concentrations of such compounds. There are two main 
categories of measurement for IRs. The first includes topographic and morphometric 
measurements in which the number, size, geometry, and spatial relationship of the 
features of interest are assessed; the second includes densitometric measurements which 
can give an indication of the density of immunoreaction product and information about 
variations in antigen concentration (Read and Rhodes, 1993). The criteria of our IR 
grading include both these two categories. The relative intensity o f IR was graded and it 
was multiplied by the percentage of cells stained in that rank to obtain the total IR. 
Positive controls were included to assess the accuracy of the measurement. To eliminate 
individual variation and biases, sections of same batch with the positive control were 
read on the same day by three different observers blind to the experimental conditions 
of the slides using the same reading schemes. IR of a specific slide is an average of 
three observers reading. An alternative method to densitometry is the "supraoptimal 
dilution technique"(Vacca-Gallaway, 1985)， which employs both optimal 
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concentrations of antibody, for maximal staining and demonstration of the maximun 
number of immunoreactive features, and suboptimal concentrations of antibody for 
demonstrating differences in antigen levels between features. Thus the differences 
between features with high and low antigen levels are more readily detectable. Though 
it is more sensitive than densitometric techniques in detecting differences in 
immunoreactivity, it can not estimate the magnitude of such differences. 
Our findings in Bcl-2 IR in the normal retina are consistent with Isenmarm's 
report (1997) that demonstrated low level ofBcl-2 and Bcl-x in the RGCL in the normal 
rat retina. The higher level of Bcl-2 expression in the RGCL and the INL suggest that 
Bcl-2 may have an important role in the survival of the cells in the inner retinal layers. 
This possibility is supported by various transgenic mice studies (Martinou et al., 1994; 
Bonfanti et al., 1996; Cenni et al., 1996) which showed an important role of Bcl-2 in 
preventing cell death in the RGCL. Transgenic mice expressing human bcl-2 under the 
control of neuron-specific enolase OSfSE) or phosphoglycerate kinase (PGK) promoters 
showed a reduction in neuronal loss in the retinal ganglion cell layer o f u p to 50% from 
the naturally occurring apoptosis. These transgenic mice are also more resistant to 
ischemic brain damage induced by middle cerebral artery occlusion (Martinou et al., 
1994). Transgenic mice expressing the human bcl-2 under the control of NSE 73a^ 
promoter also showed a marked decrease in naturally occurring loss of retinal ganglion 
cells during development as well as in axotomy-induced cell death (Bonfanti et al., 
1996; Cenni et al., 1996). The decrease in Bcl-2 IRs after ischemia reperfusion injury is 
more obvious in the RGCL and the INL than the ONL. Since the neurons in the RGCL 
and the INL are more sensitive to the ischemic/reperfusion injury, this observation is 
consistent with an important role of Bcl-2 in cell survival in the inner retinal layers. 
Chen et al (1995) also noted a marked decrease in Bcl-2 IR in the CA1 region which is 
more sensitive to ischemia but an increase in the CA3 region which is more resistant. 
Our immunohistochemical studies of Bcl-2 and other proteins though provided 
valuable information and a sensitive means in identifying changes in the protein. 
However, the method itself has its limitation as possible false negative and false 
positive results. False negative staining may be caused by antigen hidden as well as low 
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sensitivity of the antibody. Since some of the antibodies we used were only 
commercially available for westem blotting for the time being, we increased antigen 
exposure by applying an antigen retrieval technique described by Shi et al (1997). Non-
specific reaction caused by tissue or antibody factors may contribute to false positive 
results. Tissue factors include charged sites, hydrophobic reactions, Fc receptors, 
endogenus enzymes in enzyme labels and autofluorescences in fluorescent labels. To 
minimize the variations in these factors, we used 4% freshly prepared buffered 
paraformaldehyde for tissue fixation to provide better preservation of mRNA, protein 
and the tissue structures OSfuovo, 1994; Polak J M and Noorden S Van, 1997). The 
fixation time was strictly controlled for 8 hours at 4 °C to obtain reproducible and 
comparable data. Standard protocols for blocking the endogenous peroxidase, 
minimizing non-specific binding with normal serum and maximizing the signal to noise 
ratio by varying the antibody dilutions were performed. Testis tissue as positive control 
and an adjacent retinal section without primary Ab as negative control were always 
included. Genuine cross-reactivity is a particularly important issue in this study because 
the Bcl-2 family proteins are closely related. Hence, experiments with Abs with 
different specificities may help in the interpretation of the results. Even then, care has to 
be taken in interpreting the findings. 
Although in situ RT-PCR is a powerful tool to detect the mRNA, well defined 
controls are needed. In our protocol, three adjacent sections were placed on the same 
slide, one without DNase treatment as positive control, one with DNase and no reverse 
transcriptase as negative control, and the remaining one with both DNase and the 
reverse transcriptase as the experimental (Nuovo，1994). The specifically amplified 
products not only depend on the primer design but also the proteinase digestion time. 
To test the specificity of the primer, solution phase PCR was conducted. One of the 
critical issues in in situ PCR is to expose the target DNA or mRNA without destroying 
the morphology. Proper fixation and proteinase digestion are important not only for this 
but also for the target specific reaction OSfuovo, 1994). We noted when the fixation time 
was strictly controlled, the proteinase digestion time could be very similar between the 
slides giving reproducible results. 
56 
In normal rat retinas, bcl-2 mRNA was noted in all retinal layers. The decrease 
of the reaction signal in the RGCL was more obvious after the insult. In contrast to a 
gradual decrease in IR of Bcl-2 showed over a period of 18 hours, there was a rapid 
decrease in RT-PCR reaction signal immediately after reperfusion and suppressed levels 
between 0-12 hours. Hence the rapid drop in mRNA preceded the significant Bcl-2 IR 
drop and DNA fragmentation but coincided with early morphologic changes. These data 
suggested that after the ischemic insult bcl-2 transcription was suppressed. Since the 
Bcl-2 protein has a half life of 10 hours, it is reasonable to expect a gradual decline in 
protein levels as visualized by the immunohistochemistry. These findings are consistent 
with the hypothesis that suppression of anti-apoptotic gene bcl-2 may contribute to 
apoptotic cell death. 
To obtain more direct evidence between the relationship of bcl-2 and DNA 
fragmentation, we performed double labelling of Bcl-2 and TUNEL. In this series of 
experiments, we used streptavidin-fluorescein to detect the bcl-2 protein and avoided 
the use of retrival to avoid possible interference with TUNEL. These differences in 
experimental procedures when compared with the previous ABC methods for detecting 
Bcl-2 may be the causes of noted differences in the immunoreactivities registered in 
these two series of experiments. In the ABC method, avidin and labeled biotin were 
allowed to react together for at least 30 minutes. There is a risk that the complex may 
become too big preventing the binding to the biotin on the antibody. In the fluorescent 
tag, this steric hindrance may be avoided. Also the fluorescent tag is more sensitive than 
the DAB in color intensity. Since, streptavidin has a neutral isoelectic point, it may also 
avoid charged reaction. Thus fluorescent tag may be more specific and sensitive. In 
support of this argument, there was Bcl-2 IR in the ONL with the fluorescent tag while 
in situ RT-PCR ofbcl-2 mRNA was also positive in the ONL. 
The observation that Bcl-2 IR was associated with TUNEL positive cells is 
unexpected because Bcl-2 is one of the anti-apoptotic factors and its expression should 
prevent cell death and hence TUNEL negative. It seemed that in this system, expression 
of Bcl-2 protein does not protect the cells from DNA fragmentation. In addition, it is 
known that the ratio of the Bcl-2/Bax may determine the fate o f t h e cell. Even though 
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Bcl-2 may be up-regulated in TUNEL positive cells, it is possible that the content of 
Bax may be even higher resulting in cell death. It is also possible that the antibody 
recognized the phosphorylated Bcl-2 which has lost its anti-apoptotic function (Haldar 
et al, 1995)，thus the cell continued to the process of death. Our Bcl-2 IR and RT-PCR 
studies suggested that Bcl-2 may be involved in the apototic death of the inner retinal 
elements after retinal ischemia/reperftision insult. However, our double labelling study 
is inconclusive regarding the role of Bcl-2 and DNA fragmentation. Further studies 
should be conducted to delineate the roles of Bcl-2 in apoptosis in the inner retina after 
ischemia-reperfusion injury. 
To summarize, comparing the temporal sequences in the changes of Bcl-2 
protein, its mRNA, TUNEL morphometry and ELISA, it appeared that the overall Bcl-2 
protein and its mRNA were suppressed immediately after the insult and before 
significant DNA nicks and fragmentation as well as significant loss of cells. Double 
labelling ofBcl-2 and TUNEL revealed that DNA double strand breaks in the nuclei of 
the RGCL and the INL were associated with Bcl-2 IRs, however not all Bcl-2 positive 
cells had nicked DNA. It appeared that increased level of Bcl-2 is not sufficient for 
preventing the cells from dying. 
6.1.4. BAX AND RETINAL ISCHEMIA/REPERFUSION INSULT 
Contrary to Isenmenmann's finding (1997) that there were moderate levels of 
Bax in the RGCL. After AR, we were able to detect mild Bax IR in all layers of the 
normal rat retina. Though compared with Bax IR of the testis positive control the 
intensity ofBax was quite low in the retina, we did not note any positive staining in our 
negative control retina section which omitted the primary antibody. We noted the Bax 
IR in the RGCL and the INL was about two folds higher than that of the ONL, 
indicating Bax may have important roles in the inner retinal elements loss after the 
insult. We noted generalised and gradual decrease in Bax IR (from 0 to 8 hours) post 
injury and a suppress level from 12 hours onward and never recovered back to normal 
throughout the obsearvation period. This generalised decrease in Bax IR preceeding the 
time ofmaximum DNA fragmentation was opposite to the known pro-apoptotic roles of 
Bax. This may be caused by a general decrease of protein synthesis after the insult. 
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However, our semi-quantitative grading system can only reveal a general IR in the 
layer. We noted that right after ischemia some isolated nuclei in the RGCL and the 
inner part of the INL were intensively stained. Later their number and intensity subsided 
in later time points. Hence, it is possible that the isolated cells with elevated Bax levels 
died. This observation is consistent with the transient cerebral ischemia study in which 
Bax IR increases in the CA1 region which is more sensitive to the ischemia reperfusion 
insult (Krajewski, et al, 1995; Chen et al, 1996). However, it is not clear what makes 
these cells reponse with elevated Bax levels while other cells showed lowered Bax 
levels. 
Since the Bax antibody we used was polyclonal, we used two specially designed 
primers to test the bax mRNA signal by in situ RT-PCR. In the normal retina, bax 
mRNA signal paralleled immuno-staining patterns showing that most cells in the RGCL 
and scattered cells in the INL and the ONL were positive. This is consistent with the 
hypothesis that bax may be important in the death of the inner retinal elements. Similar 
to immuno staining significant bax mRNA decrease was noted at 0 to 8 hours after the 
injury, and both preceded the significant increase in DNA fragmentation and the loss of 
inner retinal elements. We also noted that the decrease o f b a x mRNA from 0 to 2 hours 
was much higher than that o f B a x IR which may be caused by less transcription rate and 
normal or even higher translation rate of Bax right after the ischemia reperfusion insult. 
However, in later reperfusion time the translation seemed to be depressed since even 
after 12 hours when bax mRNA was partially recovered its IR was still retarded until 
after the maximal DNA fragmentation at 48 hours. The temporal sequence that Bax 
protein and its mRNA generally decreased before the detection of maximum DNA 
fragmentation, may be explained as Bax was not related to the inner retina elements loss 
or Bax decreasing was less severe than Bcl-2 decreasing which caused the Bcl-2/Bax 
ratio decreasing and resulted in later DNA fragmentation and inner retinal elements 
loss. However, as described in the result sections, isolated cells showed intense Bax IR 
in the RGCL and the INL. It is possible that these cells with elevated Bax may die. 
Double labelling o f B a x and TUNEL revealed that in normal retina though there 
was mild Bax IR in the RGCL and the ONL, there was no TUNEL positive in any 
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layers in the retina. It is possible that it is not the levels of Bax that determines the fate 
the cells but the ratio of Bcl-2 to Bax. We noted that after the insult most DNA nicks 
detected with TUNEL in the inner retina were associated with Bax IR though there were 
some nuclei with TUNEL with no Bax IR at all. After transient global ischemia in CA1 
region of rat hippocampus, there was colocalization of TUNEL and Bax (Krajewski et 
al, 1995). Similarly, in the small intestine and spleen of irradiated mice, TUNEL and 
Bax were co-localized (Kitada et al., 1996). In Isenmann's study (1997) of optic nerve 
crush model, though there was a temporal relation between Bax expression and DNA 
fragmentation, no co-localization was noted in double staining. Increased Bax 
expression may be one of the reasons to cause DNA fragmentation, but our detection of 
bcl-2 together with TUNEL may indicate that the ratio of Bcl-2 and Bax may be more 
critical. In addition, DNA fragmentation and morphological nuclear changes are 
believed to be relatively late events in apoptosis (Zamzami et al.,1998), Bax protein 
with the half l i fe of 4 hours (Miyashita et al., 1995) may have already degraded before 
the DNA nicks became detectable, thus explaining the existence o fTUNEL positive but 
Bax negative cells. 
6.1.5. P53 and RETINAL ISCHEMIA/REPERFUSION INJURY 
P53 can either act as a cell cycle regulator by blocking the cell cycle progression 
at G1 phase in response to DNA damage or as an apoptosis inducer (King and 
Cidlowski, 1998). We noted a generalised decrease of P53 started at 4 hours after the 
ischemia reperflision insult, when DNA nicks can be detected in situ by TUNEL. 
However, we also noted isolated cells in the RGCL and the inner part of the INL 
showing increased IRs at 2 hours after reperfusion, which is later than the increased Bax 
IR. However, this can not rule out its function as an apoptosis inducer. Elevation o f P 5 3 
in the inner retinal layers which are more sensitive to ischemia insult was consistent 
with the finding in cerebral ischemia. Elevated P53 IRs was noted in damaged cortical 
and striatal neurons after focal cerebral ischemia (Li et al., 1994) or in the CA1 region 
of the hippocampus after transient global ischemia (McGahan et al., 1998). 
Overexpression o f P 5 3 by post-mitotic neurons possessing limited proliferated potential 
may prove fatal (Schreiber et al,1994; Sakhi et al,1994). Increased P53 expression has 
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been observed in neuronal populations displaying DNA fragmentation following 
systemic administration of the excitotoxin kainic acid (Sakhi et al, 1994). Moreover, 
loss of wild type p53 has been shown to confer protection against kainate-induced 
neuronal death in p53 knockout mice, while restoring p53 expression to p53-deficient 
neurons by adenovirus-mediated transduction is sufficient to promote cell death. Hence, 
the isolated cells that showed elevated levels of p53 in our study may suggest a p53 
dependent apoptotic pathway in retinal ischemia reperfusion pathway. However, it 
remains to be further examined. P53 was reported to act upstream ofBax (Miyashita et 
al, 1994; Miyashita and Reed, 1995), and in murine leukemia cell line Ml , a 
temperature-sensitive p53 mutant decreases bcl-2 expression and increases bax 
expression(Miyashita et al, 1994). Thus P53 may influence the apoptosis process by 
regulating Bcl-2 and Bax level. Whether p53 plays a similar role in our system remains 
to be examined. 
6.2. LOSS OF INNER RETINAL ELEMENTS IN THE RETINAL 
DYSTROPHIC ROYAL COLLEGE OF SURGEON (RCS) RAT 
Loss of photoreceptors from the retinal dystrophic RCS rat retina has been well 
documented (Dowling et al, 1962; LaVail et al, 1975; Tso et al, 1994). However, 
whether there is a loss of the inner retinal neurons is not clear and if indeed that is the 
case, the pathway of cell death is not known. In this study, we examined the retina of 
RCS rats between the age of 14 to 60 days, during which most of their photoreceptors 
died, focusing on the inner retina. We noted edema in isolated cells in the retinal 
ganglion cell layer and the inner nuclear layer at 14, and later days and a few isolated 
dense nuclei throughout the observation period especially in the INL at 21 days. 
Morphometry of both the RGCL and the INL revealed that cells in these layers 
decreased gradually during our observation period suggesting a significant loss of cells 
in these two layers. Hence, it is apparent that by morphologic and morphometric criteria 
there are losses of nuclei from the RGCL and INL between 25 and 60 days during 
which the ONL also degenerates. 
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Immunohistochemistry showed significant or noticeable loss of Bcl-2 IRs in the 
RGCL, INL and ONL between 30 and 45 days. Bax IRs in the RGCL did not show 
significant changes during the 30 to 55 days period but showed a moderate increase in 
isolated cells at 60 days. However, the overall IRs did not show significant changes by 
semi-quantitative scoring. In contrast, cells in the INL showed a notable increase in IR 
in most cells from 30 to 60 days. Hence, it is possible that Bcl-2 and Bax may play 
some roles in this degenerative process. 
6.2.1. HISTOPATHOLOGY AND MORPHOMETRY 
In the retinal dystrophic RCS rats, this is the first report noting significant cell 
loss in the RGCL and the INL when most photoreceptors die. Morphologically, unlike 
the mass condensation of nuclei in the ischemic model, scattered cells in the RGCL and 
the INL showed mild edema together with minor condensation ofnuclei. 
Early studies on the degenerative process in the retinal dystrophic RCS rat 
retinas focused on photoreceptor cell degeneration or the role of the pigmented 
epithelium. Only a few studies reported the degenerative changes in the inner retinal 
layers after most of the photoreceptor cell died (Caldwell, 1987; El et al., 1987; Lund et 
al.，1997; DiLoreto et al.，1998). This study represents the first attempt to document the 
loss ofinner retinal neurons by morphology and morphometry. Our finding is consistent 
with the study by Eisenfeld et al (1984) who suggested that ganglion cells might be 
affected by loss of input signal early in development. Our observations are also 
supported by Li's ultrastructural study (1998) showing various morphologic changes of 
the inner retina. 
In this thesis, we described the degeneration of the inner retina after ischemia-
reperfusion injury. The degenerative pattern of the cells in the RGCL and the INL in the 
RCS rats are distinctively different from the retinal ischemia reperfused retinas. 
Morphologically, contrary to the obvious edematous changes with massive 
condensation of cells and nuclei noted in ischemia reperfusion injury, the cells in the 
RGCL and INL in the RCS rats showed mild edema in scattered cells and only minor 
condensation. However, common to the two models, there was no inflammation 
infiltrates in the inner retinal layers. There are evidences to suggest that in retinal 
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ischemia, apoptosis is involved but it is not clear if apoptosis is also involved in the loss 
of inner retina elements in the RCS rats. We reported DNA nicks in the inner retinal 
layers by in situ TUNEL and detection of nucleosomes in the ischemic model, while 
there was no TUNEL positive nuclei detected in the inner retinal layers of RCS rats 
(Tso et al, 1994). Nonetheless, morphologically they presented as two different 
degenerative processes distinct from necrosis. Since the photoreceptors are going 
through apoptosis within the same observation period, it is difficult to use biochemical 
means such as DNA gel electrophoresis or ELISA of nucleosomes to confirm that 
indeed the inner retina is degenerating through apoptosis. Hence, it remains to be 
determined if the degeneration of the RCS rat inner retinal neurons is apoptotic and we 
were hoping that our immunohistochemical studies may help in dissecting the 
mechanism of cell death in the inner retina of the RCS rats. 
6.2.2. BCL-2 
Compared with the ischemic study which revealed that the Bcl-2 IRs decreased 
right after the ischemic insult, Bcl-2 IR diminished in the RCS rat retinas at 30 days of 
age after the time photoreceptor cells started to degenerate at 25 days (Tso et al, 1994). 
This decrease appears to be consistent with the anti-apoptotic role of Bcl-2. However, 
whether Bcl-2 plays an important role in cell death of the inner retina in RCS rats 
remains to be examined. 
6.2.3. BAX 
Bax IRs showed differential changes in different layers. In the RGCL, Bax did not 
show significant changes during 30 to 55 days, however a moderate increase was noted 
at 60 days in scattered cells. In the INL, Bax IRs notably increased at 25 days and 
sustained in most cells from 30 to 60 days, which was paralleled with the cell loss 
starting from 25 days and continued till reach significant level at 55 days. This temporal 
relationship is consistent with their death promoter effects and implicates the possible 
involvement of Bcl-2 related proteins in this degenerative process. In the RGCL, the 
Bcl-2 significantly depressed while Bax showed no significant changes, and most the 
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degenerative cells were edematous. While in the INL, Bcl-2 depressed and the Bax IRs 
increased, both edematous and condensed nuclei were noted in this layer. Similar to 




In retinal ischemia reperfusion, the generalized decrease in the protein and 
mRNA levels of Bcl-2 and Bax of the inner retinas before the detection of DNA nicks 
and fragmentation and inner retinal elements loss may be related to a general response 
to stress. However, the transient increase in protein and mRNA levels of Bcl-2 and Bax 
in isolated cells in the inner retinas may be related to apoptosis. Our data suggested that 
Bcl-2/Bax ratio may be more important than the presence of either one in determining 
the fate of the cells. It is possible that apoptosis of the inner retinal neurons in retinal 
ischemia may be P53 dependent. 
There are significant cell losses in the RGCL and INL in the retinal dytrophic 
RCS rats when most photorecepters die. Morphologic features of the degenerative cells 
showed some similarity with apoptosis. The decrease of Bcl-2 with concomitant 
increase of Bax in the inner retina suggests that the ratio of Bcl-2/Bax may play an 
important role in cell death in the inner retina ofRCS rats. 
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APPENDIXA 
FIGURES 
Figure 1. Histopathologic features of rat retinas at various reperfusion time after 60 
minutes of elevated intraocular pressure at 110 mmHg. (A) Normal: Control. (B) 4 
hours: Note the presence of shrunken and densified nuclei (arrows) at the retinal 
ganglion cell layer (RGCL) and the inner nuclear layer (INL). The inner and outer 
plexiform layers (IPL & OPL) were edematous. (C) 8 hours: The number of nuclei at 
the RGCL appeared diminished. More condensed nuclei (arrows) were seen in the INL. 
The IPL and the OPL remained edematous. (D) 12 and (E) 24 hours: Shrunken and 
densified nuclei persisted in the RGCL and the INL. Mild thinning of the IPL was 
noted. The OPL remained edematous. (F) 48; (G) 96 hours; and 7 days: Note significant 
loss of nuclei from the RGCL and INL as well as thinning of the IPL. No densified or 
shrunken nucleus was seen in the retina. Throughout the observation period, the ONL 
remained unremarkable and no inflammatory infiltrates were noted. All micrographs in 
this figure were taken at 2 mm inferior to the center of optic nerve head. Hematoxylin 
and Eosin. Magnification x400. 
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Figure 1. (continued) Histopathologic features of rat retinas at various reperfusion time 
after 60 minutes of elevated intraocular pressure at 110 mmHg. Magnification x400. 
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Figure 2. Changes of inner retinal thickness (IRT) after reperfsuion. IRT showed a 
significant decrease at 48, 72，96 hours and 7 days after reperfusion when compared 
with the normal untreated retinas (*P<0.05, Tukey's test). There was a gradual decrease 
in IRT between 48 hours and 7 days after reperfusion. However, no statistically 
significant difference was noted among the 48, 72, 96 hours and 7 days reperfusion 














































































































Figure 3. Flat preparations of retinas at various reperfusion time after 60 minutes of 110 
mmHg IOP. (A, B & C) Posterior retinas. (A) Normal; (B) 24 hours; and (C) 7 days 
after reperfusion. (D，E & F) Peripheral retinas. (D) Normal; (E) 24 hours; and (F) 7 
days. There was noticeable loss of nuclei from both the posterior and peripheral retinas 
at 24 hours of reperfusion with continued loss afterwards. Crystal violet. 
Magnification x400. 
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Figure 4. Retinal ganglion cell counts (RGCCs) at various times after reperfusion. (A) 
Posterior retina. (B) Peripheral retina. Note the significant losses (*P<0.05, Tukey's 
test) of RGCCs from both the posterior (A) and peripheral (B) retinas starting at 24 
hours ofreperfusion when compared with the normal retinas. 
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Figure 5. ELISA ofintemucleosomal fragmentation ofretinal DNA. Mononucleosomes 
and oligonucleosomes in the retinal extracts were detected as early as 2 hours after 
reperfusion and their amounts reached a maximum at 18 hours. Significant increases in 
O.D. ratios were noted starting 8 hours till 24 hours after reperfiision when compared to 
the 2 hours (*P<0.05, Tukey's test). 
71 
A  ®  0 
t  > 
<  r J.  1 —  .  .  :  »  . ’ .. :  
i  •  /  -  V 
-,.'






•  .  % 
D  m  F 






 ” ‘  
、 i ， >/1^、暴
、《‘，
>、 
• s m m  — 
/\  / , 
Figure 6. In situ TUNEL of rat retinas at different reperfusion time after 60 minutes of 
110 mmHg IOP. (A) Normal: No positive labelling was noted. (B) 4 hours: Some 
isolated cells in the RGCL and the INL showed weakly diffused labelling (arrowheads). 
(C) 8; (D) 12; and (E) 18 hours: Note the increasing number ofTUNEL positive nuclei 
with a typical ring-like labelling pattem in the RGCL and the INL (arrows). (F) 48 









































































































































































Figure 7. Mophometry of TUNEL positive nuclei at various reperfusion time after 60 
minutes 110 mmHg IOP in the (A) RGCL and (B) the INL. Note the time dependent 
expressions of TUNEL positive nuclei with maximum at 18 hours. Significant increases 
in the positively labelled nuclei were noted at all time points starting at 4 hours when 
compared to the normal (*P<0.05, Tukey's test), and in the 8 to 24 hours groups when 
compared with 4 hours group (#P<0.05, Tukey's test). 
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Figure 8. Immunohistochemistry of Bcl-2 on rat retinas at various time of reperfusion 
after 60 minutes o f l l O mmHg IOP. (A) Normal: Mild immunoreactivities (IRs) were 
detected in the RGCL, INL and ONL. (B) 0 hour: In the RGCL, the intensity ofBcl-2 
IRs decreased, while in the INL, it increased in some scattered cells (arrows) but 
decreased in most other cells. In the ONL, both the density and intensity of Bcl-2 IRs 
appeared unchanged. (C) 2 hours: Bcl-2 IRs decreased in all layers of the retina. (D) 18 
hours: Bcl-2 IRs were hardly detectable in any layers of retina. (E) 24 hours: Note the 
mild recovery of IRs in scattered cells throughout the different layers of the retina 
especially the RGCL. (F) 96 hours: Bcl-2 IRs were hardly noticeable in any layer. 
Magnification x400 
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Figure 9. Grading of Bcl-2 immunoreactivities (IRs) on rat retinas at various 
reperfusion time after 60 minutes of 110 mmHg IOP. (A) RGCL: Bcl-2 IRs showed 
gradual and significant decrease at 12 and 18 hours when compared with normal retinas 
(* P<0.05, Tukey's test), a partial recovery at 24 hours and a decrease between 48 and 
96 hours. (B) INL: Note a similar trend of change of Bcl-2 IRs as in the RGCL with 
significant decrease at 18 hours (# P<0.05, Tukey's test). (C) ONL: Bcl-2 IRs showed a 
similar trend as in the RGCL except that the decrease was more noticeable between 0 
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Figure 10. Double labelling ofBcl-2 and TUNEL. (A) & (B) Normal Lewis rat testis: 
Note the concomitant detection of Bcl-2 (arrows, A) and TUNEL in the same cells 
(arrows, B). (C) & (D) Normal rat retina: Note scattered Bcl-2 positive cells (arrows, C) 





Figure 10. (continued) Double labelling ofBcl-2 and TUNEL. (E) & (F) 18 hours after 
reperfusion: Some Bcl-2 positive cells (arrow, E) were also TUNEL positive (arrow, F). 
Some Bcl-2 positive cells (arrowhead, E) with no TUNEL were noted (arrowhead, F). 
(G) & (H) 96 hours after reperfusion: Scattered cells (arrow, G) in the RGCL and INL 
were bcl-2 positive, while most cells in the ONL were bcl-2 positive. However no 
TUNEL positive cells were noted (H). Magnification x400 
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Figure 11. Agarose gel electrophoresis of PCR products o f the bcl-2 and bax primers. 
Lanes 1 & 6 were standard DNA 100 base pair (bp) markers. Lane 2 was the PCR 
product of the bax primers showing a single 146 bp band. Lane 3 & 4 were the negative 
controls for the bax and bcl-2 primers respectively. Lane 5 was the PCR product of the 
bcl-2 primers showing a single 503 bp band. 
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Figure 12. In situ RT-PCR of bcl-2 on rat retinas at different reperfusion time. (A) 
Normal: Note most cells in the RGCL, INL and ONL were positive with some scattered 
cells in the INL and ONL showing more reaction products (arrows). (B) 2 hours: A 
generalized decrease in RT-PCR of bcl-2 products was noted with some scattered cells 
(arrows) in the INL showing sustained levels. (C) 8; (D) 12; and (E) 18 hours: The 
overall levels ofbcl -2 RT-PCR products continued to diminish except for some isolated 
cells (arrows) in the RGCL and the Ds[L. (F) 24; (G) 48; and (H) 96 hours: Levels of 
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Figure 12. (continued) In situ RT-PCR of bcl-2 on rat retinas at different reperfusion 
time. Magnification x400. 
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Figure 13. Grading of in situ RT-PCR products ofbcl-2 at different reperfusion time on 
the RGCL (A) and INL (B). Note similar suppressed levels in both the RGCL and INL 
between 0 and 12 hours with recovery to their normal levels at 18 to 96 hours and a 
transient drop at 72 hours. 
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Figure 14. Immunohistochemistry ofBax on rat retinas at various reperfusion time after 
60 minutes o f l l O mmHg IOP. (A) Normal: Mild immunoreactivities (IRs) of Bax in 
most cells of the RGCL, INL and ONL (arrows). (B) 0 hour: IRs in the RGCL, INL and 
ONL diminished except for some isolated cells (arrows) in the RGCL and INL. (C) 2 
hours: Bax IRs continued to decrease in all layers of the retina. (D) 24 hours: IRs ofBax 
were hardly detectable on any layer of the retina. (E) 48 hours: Note a slight recovery of 
IRs in isolated cells in the RGCL and INL especially the later. (F) 96 hours: Bax IRs 
was hardly noticeable in any layer of the retina. Magnification x400. 
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Figure 15. Grading ofBax immunoreactivities (IRs) on rat retinas at various reperfusion 
time after 60 minutes of 110 mmHg IOP. (A) RGCL: Bax IRs showed a sharp decrease 
at 2 hours with significant decreases at 8 tol2 hours after reperfusion when compared 
with the normal (*P<0.05, Tukey's Test) and a slight recovery at 48 hours. (B) INL: 
Note the similar trends in the changes of Bax IRs in the INL as in the RGCL with 
significant decreases at 18 to 24 hours (#P<0.05, Tukey's Test) and a slight recovery at 
48 hours. (C) ONL. Note the similar trends in the changes ofBax IRs in the ONL as in 
the RGCL and the INL but without statistical significance. 
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Figure 16. Double labelling of TUNEL and Bax. (A) & (B) Normal Lewis rat testis: 
Note Bax positive germal cells (arrows, A) expressing TUNEL (arrows, B). (C) & (D) 
Normal rat retina: Note scattered Bax positive cells on the ONL (arrows, C) but no 
TUNEL positive cell was detected (D). Magnification x400. 
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Figure 16. (continued) Double labelling ofTUNEL and Bax. (E) & (F) 18 hours after 
reperfusion: Most TUNEL positive cells (arrows, F) expressed Bax (arrows, E), 
however isolated cells (arrowheads, F) with typical ring-like pattem ofTUNEL positive 
were not Bax positive (arrowheads, E). (G) & (H) 96 hours after reperfusion. Neither 
Bax nor TUNEL positive was noted in any layer ofthe retina. Magnification x400. 
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Figure 17. In situ RT-PCR of bax on retinal sections from different reperfusion time. 
(A) Normal rat retina: Note most cells of the RGCL, scattered cells in the INL and the 
ONL were positive (arrows). (B) 2 hours: The reaction signal of RT-PCR of bax 
diminished in all layers of the retina. (C) 8 hours: Positive reaction reappeared in 
scattered cells (arrows) o f t h e RGCL and the INL. (D) 12; (E) 18; (F) 24; (G) 48; and 
(H) 96 hours: The signals in scattered cells (arrows) of the RGCL and the INL 
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Figure 17. (continued) In situ RT-PCR of bax on retinal sections from different 
reperfusion time. Magnification x400. 
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Figure 18. Grading of in situ RT-PCR o fbax at different reperfusion time on the RGCL 
(A) and INL (B). Note the decrease of bax RT-PCR product in both the RGCL and INL 
between 0 and 8 hours after reperfusion. The signal then recovered between 12 and 96 










Figure 19. Positive and negative control of P53 immunohistochemistry. Note the 
positve staining in the testis (arrows, A). There was no P53 IR in the negative control 
retina (B). Magnification x400. 
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Figure 20. Immunohistochemistry ofP53 on rat retinas at various reperfusion time after 
60 minutes of elevated IOP. (A) Normal: P53 IRs were detected in the RGCL, INL and 
ONL. (B) 2 hours: P53 IRs appeared to increase in isolated cells (arrows) in the RGCL 
and the inner part of the INL while it decreased in the ONL. (C) 18 hours: P53 IRs were 
hardly detectable in any layers of the retina except for some isolated cells in the inner 
part of the INL. (D) 48 hours: P53 IRs showed mild recovery in all layers. (E) 72 hours: 
P53 IRs continued to recover. (F) 96 hours: P53 IRs appeared diminished in all retinal 
layers. Magnification x400 
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Figure 21. Grading ofP53 immunoreactivities (IRs) on rat retinas at various reperfusion 
time after 60 minutes of elevated IOP. (A) RGCL: P53 IRs remained unchanged until 4 
hours showing a significantly decrease at 8 and 12 hours (*P<0.05, Tukey's test) and 
then partially recovered afterwards. (B) INL: P53 IRs gradually decreased between 4 
and 48 hours without significance and returned back to the normal level at 72 and 96 
hours. (C) ONL: P53 IRs showed a slight increase at 0 to 4 hours then a gradual 
decrease till 48 hours. A transient recovery at 72 hours was noted. 
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Figure 22. HistopathoIogy of the retinal dytrophic RCS rat retinas at different age. (A) 
15 days: Note the short IS & OS with enlongated nuclei in the ONL. Isolated dense 
nuclei (arrow) and swollen horizontal cells (arrowhead) were seen in the INL. (B) 21 
days: The IS and OS were enlongated and mildly disorganized with debris (star) 
accumulated between the OS and the RPE. Scattered densified nuclei (arrows) were 
noted in the INL. (C) 28 days: Note the extensive cell debris between the OS and the 
RPE (star). The ONL was markedly thin. Swollen cells were noted both in the RGCL 
and the INL (arrowhead). (D) 42 days: Only two layers of photoreceptor cell nuclei left. 
Scattered edematous cells (arrowhead) were noted in the RGCL and the INL. (E) 56 
days: Only scattered ONL cell left. The IPL appeared thin. The number of nuclei in the 
RGCL appeared diminished. Toluidine blue stain. Magnification x400 
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Figure 23. Cell counts in the inner retina per 89 ^m ofRCS rat retinas at different ages. 
(A) RGCL. (B) INL. Note the gradual decrease in cell numbers in both the RGCL and 
INL started from 15 days with significant changes between 25 days and 55, 60days 
(*P<0.05, Tukey's test). 
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Figure 24. Immunoreactivities (IRs) of Bcl-2 on the RCS rat retinas of different ages. 
(A) 25 days: Nuclei of the RGCL and the INL were mildly positive while the ONL 
showed intense IRs. (B) 30 days: IRs in the RGCL and INL decreased while the ONL 
remained unchanged except some scattered cells showing strong IRs (arrow). (C) 35 
days: The Bcl-2 IRs remained similar to 30 days in all layers. (D) 60 days: The 
remaining nuclei in all layers showed weak Bcl-2 IRs. Magnification x400. 
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Figure 25. Grading ofBcl-2 immunoreactivities (IRs) on the RCS rat retinas at different 
ages. (A) RGCL: Note the suppressed IRs from 30 days to 45 days when compared to 
25 days (*P<0.05, Tukey's test). (B) INL: IRs decreased at 30 days when compared to 
25 days (**P<0.05, Tukey's test), but recovered to normal at 55 and 60 days. (C) ONL: 
IRs were diminished between 30-45 days (#P<0.05, Tukey's test). In all retinal layers, 
no significant changes were detected between 15 and 25 days, 55 and 60 days groups. 
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Figure 26. Immunohistochemistry of Bax on the RCS rat retinas of different ages. (A) 
15 days: Nuclei in the RGCL and the ONL showed moderate immunoreactivities (IRs), 
while most nuclei in the INL were mildly positive (arrows). (B) 35 days: IRs in the 
RGCL diminished but increased in the INL. Scattered nuclei (arrows) in the ONL 
showed enhanced IRs among the weakly positive nuclei. (C) 45 days: Bax IRs 
continued to decrease in all layers of the retina with a pattern similar to 35 days. (D) 60 
days: All remaining cells showed moderate Bax IRs. Magnification x400. 
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Figure 27. Grading ofBax immunoreactivities (IRs) on the RCS rat retinas at different 
ages. (A) RGCL: There was a gradual and slight increase in IRs showing a maximum at 
45 days. (B) INL: IRs increased significantly at 30 days when compared with 15 days 
(**P<0.05, Tukey's test), then showed a slight decrease till 45 days. (C) ONL: IRs 
decreased gradually at 25 to 45 days (*P<0.05, Tukey's test), and then increased 
significantly at 55 and 60 days compared with 45 days (#P<0.05, Tukey's test) and to 


















































































































Figure 28. Domain structure of members of the Bcl-2 family. The gross protein 
structure is indicated for different members of the Bcl-2 family. Some structure features 
(a domains) and functions are indicated. Note that certain Bcl-2 homology regions 






























































































































































































































Figure 29. Schematic overview of the cell death process and the mode of action of 
Bcl-2. The central role of Bcl-2 consists in the prevention of pore formation by the 
permeability transition pore complex and / or Bax. Bcl-2 inactivates the 'apoptosome' 
by maintaining the localization of cytochrome c in the intermemberane space and by 
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